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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Orthostatic intolerance is the inability to maintain cerebral blood perfusion with a 
change in posture. When orthostasis is challenged, as takes place when there is a change in 
posture from supine or sitting to passive standing, there is a rapid transfer of blood from the 
thoracic region into the compliant venous system of the lower extremities and pelvic region. 
This is largely due to the effects of gravity. The muscle pump, being essentially inactive, can 
not maintain venous return. After prolonged orthostatic stress, venous return and cardiac 
output become inadequate. This decreases cerebral blood flow and can cause the 
development of presyncopal symptoms including nausea, vomiting or lightheadedness. If 
blood pressure is not restored to normal, it will lead to unconsciousness (syncope). 
Several researchers have found numerous factors that can affect orthostatic tolerance 
including autonomic nervous system dysfunction (8), reduced or altered baroreflex 
sensitivity (31) and altered venous compliance (23). In addition, age, gender and fitness 
level may also affect orthostatic tolerance. Factors such as baroreceptor sensitivity and 
venous compliance have been shown to be attenuated by age and by very high fitness levels, 
thus in turn affecting orthostatic tolerance (3, 8, 9, 22). Although orthostatic hypotension has 
been reported among older adults (30) and endurance athletes (27), several studies have also 
shown opposite results (4, 5, 9). How endurance training affects different physiological 
parameters that contribute to orthostatic tolerance has not been well established. Likewise, 
how aging can alter the cardiovascular mechanisms that can lead to reduced or enhanced 
tolerance is unclear. One of the limitations of virtually all of these aging-related studies is in 
the use of submaximal orthostatic stress. Whether older individuals become presyncopal 
earlier or later after exposure to orthostatic stress has not been shown. Numerous studies 
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have examined the effects of exercise training on tolerance in the young population (5). 
However, only one study has attempted to address the effects of aging and exercise training 
on orthostatic tolerance using "maximal" orthostatic stress (36). 
The cardiovascular responses and the orthostatic tolerance of older people differ from 
those of the young and those of the fit differ from the unfit. However, to date, how age and 
exercise training interact to affect the responses and tolerance to orthostatic stress is 
uncertain. Similarly, differences in venous compliance with age and training are assumed to 
have a direct effect on tolerance to orthostatic stress. Therefore, the purpose of this project 
was to examine the effects of age and exercise training on limb venous compliance and 
orthostatic tolerance using the orthostatic stressor of lower body negative pressure (LBNP). 
Dissertation Organization 
This dissertation contains a review of pertinent literature followed by four chapters 
that are individual manuscripts. The first two of these four chapters address the effects of 
age and fitness on limb venous compliance and orthostatic responses and tolerance using a 
cross-sectional design. Juliane P. Hernandez, Ph.D. candidate, Amruta Karandikar technical 
assistant, and Warren D. Franke, major professor author chapter 2 entitled "The effects of 
age and fitness on tolerance to lower body negative pressure" which has been accepted for 
publication in the Journal of Gerontology: Medical Sciences. Juliane P. Hernandez, Ph.D. 
candidate and Warren D. Franke, major professor, author the paper in chapter 3 entitled 
"Age- and fitness-related differences in limb venous compliance do not affect tolerance to 
maximal lower body negative pressure in men and women" which has been accepted for 
publication in the Journal of Applied Physiology. Juliane P. Hernandez, Ph.D. candidate and 
Warren D. Franke, major professor author chapter 4, which addresses the effects of an 
endurance-training program on limb venous compliance, responses and tolerance to 
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orthostatic stress in the older population via an experimental investigation. The fourth 
chapter is entitled "Effects of a 6-month endurance-training protocol on calf venous 
compliance and responses and tolerance to maximal LBNP in older adults." Juliane P. 
Hernandez, Ph.D. candidate, Galen T. Trail, statistical support and Warren D. Franke, major 
professor author the final manuscript, or chapter 5, entitled "Modeling tolerance to lower 
body negative pressure." To my knowledge this was the first attempt made to utilize 
structural equation modeling in order to characterize the relationship between anthropometric 
and cardiovascular variables and tolerance to maximal LBNP. The final chapter details the 
general conclusions of the research project. 
Literature Review 
The purpose of this literature review is to present the pertinent literature on 
cardiovascular responses to orthostatic stress and those variables that may affect responses to 
orthostatic stress. Typical cardiovascular responses to orthostatic stress are described. The 
effects of age, fitness levels and exercise training on cardiovascular responses to changes in 
orthostasis and on orthostatic tolerance are discussed. 
Cardiovascular Responses to Orthostatic Stress 
During orthostatic stress, such as prolonged upright posture, a large volume of blood is 
translocated to the blood vessels of the lower limbs. Normally the muscle pump helps to 
propel the blood upward towards the right atrium. The muscles contract and compress the 
veins propelling the blood towards the heart. Even small muscle contractions are forceful 
enough to push the blood upward. One-way venous valves normally prevent the return of 
venous blood into the lower limbs, in turn preventing a large decline in the central blood 
volume. However, during passive upright posture the muscle pump is inactive and the valves 
become incompetent, and fail to prevent further downward movement of blood. Over time, 
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the veins slowly increase their compliance as the amount of blood entering them increases, 
thereby accommodating even more blood volume. In addition to this blood volume change, 
some plasma volume is lost to the surrounding tissue due to an increased pressure gradient 
between the veins and tissues (13). 
This large blood volume displacement and the lack of the muscle pump can lead to a 
reduction in central blood volume. Declines in the central blood volume lead to a decreased 
central venous or right atrial pressure. Reduced central venous pressure leads to a drop in 
left ventricular pressure and volume. Cardiac output eventually falls below normal and this 
reduces blood flow to the brain. 
Fortunately, humans have rapid compensatory responses to these changes in posture. 
As a response to reductions in the central venous pressure, there is an immediate increase in 
heart rate. This initial response is presumably mediated by baroreceptors. Two populations 
of baroreceptors, arterial and cardiopulmonary receptors play a role in maintaining normal 
blood pressure. Baroreceptors monitor beat to beat changes in the stretch on the arterial wall 
and signal the cardiovascular center in the brain to make appropriate changes in heart rate, 
stroke volume and peripheral resistance in order to normalize blood pressure (18). 
The tachycardie response to orthostatic stress is initially due to vagal withdrawal and 
later to sympathetic activation as a result of decreased inhibitory signals from the 
baroreceptors. Frey and Hoffler found that increases in the thoracic impedance and heart rate 
were greater among women in response to graded LBNP up to -50 mmHg compared to men. 
They also found that the young women had smaller increases in peripheral resistance in 
response to LBNP compared to male participants. They suggested that vagal withdrawal is 
the 'first line of defense' for women during orthostatic stress and sympathetic stimulation is 
the primary response for men (8). Bie et al. studied the cardiovascular responses of college 
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age males to LBNP with and without atropine administration. Atropine blocks the activity of 
the vagus nerve on the heart. Bie et al. found that the tachycardie response to initial 
hypovolemia was unaffected by atropine administration in the participants. This suggests 
that blockade of vagal activity did not have an effect on the initial tachycardia (2). 
Cardiopulmonary baroreceptors are considered low- pressure receptors which are 
unloaded at mild LBNP ( < 20 mmHg). Unloading of these receptors results in reductions in 
forearm blood flow. Tripathi and Nadel demonstrated that in response to reduced 
baroreceptor activity induced by LBNP, forearm blood flow declines concurrent with 
increases in LBNP. They also showed that the forearm muscle attains almost complete 
vasoconstriction at -20 mmHg of LBNP but skin vasoconstriction shows a graded increase 
till -50 mmHg LBNP (35). 
Arterial baroreceptors are situated in the aortic arch and the carotid sinuses. The 
arterial baroreceptors likely bring about increases or decreases in heart rate depending upon 
the fall or rise in arterial pressure (18) and are also responsible for the splanchnic 
vasoconstriction observed during LBNP greater than -20 mmHg (1). They are generally 
found to be unloaded with declines in arterial pressure and aortic pulse pressure with 
decreasing levels of LBNP after -20mmHg. However, Taylor and colleagues measured 
responses to graded lower body suction and found that lower body suction with controlled 
breathing resulted in an increased arterial pulse pressure at mild levels (5-20 mmHg) and a 
decreased arterial pulse pressure at moderate levels (40 mmHg). They also found that aortic 
pulse area decreased progressively and significantly during mild lower body suction, with 
47% of the total decline occurring by 5 mmHg. Thus, small reductions in central blood 
volume unload aortic baroreceptors and trigger hemodynamic adjustments which are so 
efficient that alterations in arterial pressure can not be detected by conventional means (33). 
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As an individual approaches tolerance, heart rate rises and arterial blood pressure and 
cardiac output suddenly fall. The individual develops presyncopal symptoms including 
nausea, vomiting, and lightheadedness. If the blood pressure is not restored to normal, the 
person can become syncopal. 
Orthostatic Tolerance and Chronic Exercise 
Endurance training increases resting cardiac output, stroke volume and blood volume. 
Another likely adaptation would be an improved tolerance to orthostatic stress. This 
expectation is logically based on the thought that higher blood volume, cardiac output and 
stroke volume would allow for a greater "reserve" for use during an orthostatic challenge. In 
other words the drop in stroke volume observed during an orthostatic stress would take 
longer to impair mean arterial pressure to the point of syncope. 
Some studies have shown that the better the fitness status, the better the tolerance to 
LBNP (5, 8). Others have suggested that, if the VO^peak is improved after endurance 
training but is still maintained below 55 to 60 ml kg ^min"1, then the improved aerobic 
capacity enhances orthostatic tolerance (5, 27). Convertino suggested that such moderate 
increases in aerobic capacity are accompanied by increases in blood volume, thereby 
increasing resting stroke volume. Thus participants are able to maintain cardiac output with 
orthostatic stress, in spite of a reduced tachycardie response. In an exercise training study, 
which improved the participants' aerobic capacity by 20% but with V02max maintained 
below 55-60 ml kg ^min \ the tolerance of the participants improved 28% (5). 
On the other hand, some studies comparing highly endurance-trained athletes with 
untrained or moderately trained persons have found that orthostatic tolerance is reduced in 
the endurance- trained athletes (3, 27). Blomqvist et al., when comparing three groups of 
men who were high fit (VO%peak 60 + 0.8 mlkg'-min'), mid fit (VOzpeak 48.9 ± 1.0 ml kg 
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^min"1) or low fit (VOzpeak 35.7 + 0.9 ml kg ' -min"') showed that the high fit group had a 
lower tolerance to LBNP compared to mid or low fit groups. Also, high fit individuals had 
higher maximal calf vascular conductance showing greater blood accumulation in the lower 
extremities. (3). 
Endurance- trained athletes have greater blood volume and greater resting cardiac 
output. Thus, they are expected to better withstand the translocation of the blood to the lower 
limbs and the consequent fall in cardiac output and blood pressure. Blomqvist et al. found 
that highly fit participants had a lower tolerance compared to average fit participants in spite 
of similar levels of venous blood pooling. They also found a greater drop in systolic blood 
pressure among the highly fit persons. This greater drop in blood pressure was attributed to a 
reduced ability to vasoconstrict and reduced baroreflex sensitivity (3). 
Levine suggested that endurance athletes experience structural changes in the 
cardiovascular system and have higher left ventricular compliance and distensibility. This 
leads to an excessive decrease in stroke volume during orthostasis and might contribute to 
orthostatic intolerance (15). In a study conducted by Tipton et al., on trained and untrained 
rats, the trained rats experienced greater and faster falls in the arterial blood pressure in 
response to orthostatic stress compared to untrained rats. These results were related to 
reduced baroreceptor activity and higher venous compliance in the endurance-trained rats 
(34). 
Studies have shown that highly trained endurance athletes show a blunted increase in 
heart rate in response to orthostatic stress and experience a greater drop in stroke volume 
compared to less fit persons (3). Moreover, the highly fit athletes show a smaller increase in 
peripheral vascular resistance in response to the same level of LBNP (28, 29). Several 
studies have found that the endurance- trained athletes have reduced baroreflex sensitivity (9, 
8 
17, 29). Raven et al. studied the effects of 8 months of endurance exercise training, which 
resulted in increased VC^max and total blood volume. The participants showed reduced 
vasoconstriction and a blunted tachycardie response to -45 mmHg LBNP. This type of 
prolonged endurance training appears to reduce reflex responses to LBNP-induced central 
hypovolemia (29). 
Some studies have shown that the baroreflex control of forearm vascular resistance is 
reduced in endurance trained participants and they have related this attenuated ability to 
training induced hypervolemia (17, 29). Mack et al. studied the relationship between reflex 
stimulus [changes in central venous pressure (CVP)] and the response [forearm vascular 
resistance (FVR)]. The slope of the FVR/CVP relationship was inversely related to the 
participant's total blood volume suggesting that the attenuated cardiopulmonary baroreflex 
sensitivity was related to blood volume expansion. 
However, some studies have shown similar degrees of venous blood pooling at a 
certain level of orthostatic stress suggesting that the effect of increased venous compliance 
might not be significant (28). Raven et al. compared average fit (VC^max 41.3 + 2.9 ml kg 
^min"1) and fit (V02max 70.2 + 2.6 ml-kg'min-') young male participants on cardiovascular 
responses to graded LBNP up to -50 mmHg. Participants from both groups had a similar 
level of peripheral venous pooling as determined from leg circumference measurements. 
However, the fit participants showed lower peripheral resistance and tachycardiac responses 
to LBNP (28). Raven and Pawelczyk reviewed several hypotheses and concluded that 
chronic endurance training reduces orthostatic tolerance via increased venous compliance, 
ventricular hypertrophy, increased blood volume and reduced carotid and aortic baroreflex 
responsiveness (27). 
Orthostatic Responses and Tolerance with Age 
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Cardiovascular parameters such as cardiac output, stroke volume, left ventricular 
contractility and blood volume are reduced with age. Other parameters such as body 
composition and V02max are also altered with age (12). With reduced cardiac output, stroke 
volume and blood volume, older participants are expected to have a lowered orthostatic 
tolerance. Although uncertainties regarding the effects of age on orthostatic tolerance remain 
unresolved, studies comparing young and old persons have given useful insights into the 
matter. 
Central cardiovascular responses 
An attenuated increase in heart rate has been reported among older as compared to 
younger persons in response to similar orthostatic stress (8, 10, 24, 32). Gabbett et al. 
compared cardiovascular regulation of younger (23 +1 yrs) and older (73 +1 yrs) participants 
during head-up tilt. A significant increase in the heart rate was found at the onset of stress in 
both younger and older men; however, the rate of change and the peak change in HR were 
lower in the older men. (10). Shi et al. compared young (25 + 1 yrs) and older (64 + 1 yrs) 
participants and found that during -40 mmHg of orthostatic stress the older participants 
showed lower tachycardia and greater hypotension compared to younger participants. After 
parasympathetic blockade, the tachycardie response of younger participants diminished with 
hypotension after onset of orthostatic stress. The reduced reflex tachycardia among the 
elderly was attributed to a reduced capacity to withdraw vagal tone (32). 
A decreased drop in stroke volume among the elderly in response to orthostatic stress 
has been observed on occasion (30). Seals et al. studied the sympathoadrenal -circulatory 
regulation of arterial pressure using LBNP of-10 to -50 mmHg in young (21-29 yr) and 
older (61-72 yr) participants. The increase in the heart rate and drop in the stroke volume 
were significantly smaller in the older participants (30). Minson and colleagues reported a 
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significant reduction in magnitude of stroke volume in older as compared with younger 
participants during LBNP and suggested that it was due, in part, to a decreased magnitude of 
volume shift to the peripheral circulation in the older (20). 
Vascular Resistance Response 
The results regarding peripheral vascular resistance response to orthostatic stress are 
conflicting. Gass et al. showed that the older population could maintain their blood pressure 
better compared to young participants despite the reduced increase in heart rate in response to 
the orthostatic stress, probably due to higher vascular resistance among older individuals. 
Other studies also have concluded that older adults have higher peripheral vascular resistance 
responses compared to younger people, at a similar level of orthostatic stress (8, 32). Shi et 
al. reported systemic hypotension at the onset of orthostatic stress among the older group due 
to a reduced tachycardia not seen in the younger group. However, their older participants 
were able to maintain blood pressure throughout the test. They, too, attributed this initial 
lack of tachycardia to vagal dysfunction and suggested that a higher vascular resistance 
maintained arterial blood pressure during steady state LBNP among older individuals (31). 
On the other hand, some studies have reported similar vascular resistance responses to 
orthostatic stress among the young and older (16). Some studies have also reported larger 
forearm vascular resistance responses in younger persons than older persons (6, 19). Mancia 
et al. studied the association between aging and cardiopulmonary reflexes in three groups of 
participants (23.7 + 1.6 yrs, 41.2 + 1.3 yrs and 68.8 + 1.5 yrs) during leg raising and LBNP. 
During LBNP the reflex increases in forearm vascular resistance and plasma norepinephrine 
were smaller in older participants compared to middle-aged or young participants (19). Davy 
and colleagues found that the reflex-mediated increases in limb vascular resistance during 
hypovolemia were smaller in older persons, suggesting that older individuals have an 
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attenuated vasoconstrictor response to sympathetic stimulation. Muscle sympathetic nerve 
activity tended to increase to a greater extent in the older men compared to the younger, 
while plasma norepinephrine increases were similar between the two groups during graded 
LBNP (6). 
Baroreflex Sensitivity 
Several studies investigating the effects of age on baroreceptor activity have reported 
decreased baroreceptor sensitivity with age (8, 18, 26). Mancia et al. measured the left 
ventricular end-diastolic diameter in young, middle aged and older participants and found 
that the decreases in the diameter due to graded LBNP were smaller in older compared to the 
other groups. Impaired cardiopulmonary baroreceptor sensitivity was suggested to explain 
their results. Also, due to the 'stiffer' walls of the heart, the cardiopulmonary baroreceptors 
of the elderly might be less efficient at detecting the central venous pressure changes (18). 
Piccirillo et al. studied the effects of aging on cardiac baroreflex sensitivity by power-spectral 
analysis (a index). In five groups of participants with ages ranging from 9 to 94 yrs. an 
inverse relationship was found between all a indexes and age. The cardiac baroreflex 
sensitivity diminished markedly between the younger groups (younger than 48 yrs of age) 
and older groups (above 48 years of age). Thus, they concluded that the cardiac baroreflex 
sensitivity diminishes predominantly in the middle age (26). 
On the other hand, some studies have reported either unimpaired or even augmented 
baroreceptor sensitivity among older groups (6, 32). Davy, Seals and Tanaka, studied the 
cardiopulmonary and integrative sympathetic baroreflexes in young (23 ± 1 yr) and older (64 
+ 1 yrs) participants and found that AMSNA/ APVP was 150% greater in the older 
participants but AFVR/APVP and ÀFVR/AMSNA were 50% and 65%-70% smaller in older 
participants, respectively. Thus, while the reflex vasoconstriction of the forearm vasculature 
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was diminished in older adults, the cardiopulmonary and integrative baroreflex control of the 
central sympathetic outflow during LBNP induced hypovolemia remained intact (6). Shi et 
al. studied the arterial and cardiopulmonary baroreflexes in young (27.9 + 1.5 yrs) and 
elderly (62.3 + 0.4 yrs) participants. There was no difference in the discrete baroreflex (slope 
of A FVR/ ACVP for cardiopulmonary baroreflex sensitivity and maximal gains of carotid-
HR and carotid MAP baroreflex in response to neck pressure for carotid baroreflex 
sensitivity) function due to age. During LBNP-induced central hypovolemia without 
hypotension both maximal gains of carotid- HR and carotid-MAP baroreflex were increased 
in the younger participants. The conclusions were that the interaction of cardiopulmonary 
and carotid baroreceptors was absent in older groups suggesting that this age-related 
difference was associated with a change in the central nervous system integration at the 
cardiovascular center (32). 
Venous Compliance 
Venous compliance is reduced with age and may be maintained, at least in part, among 
older individuals by regular endurance training (22). Monahan et al. studied influences of 
aging and endurance training on calf venous compliance in young (28+1 yr) and older (65+1 
yrs) sedentary and young (27+1 yrs) and older (63+2 yrs) endurance trained (involved in 
strenuous endurance exercise > 5 days/week) participants. Calf venous compliance was 70 to 
120% greater in the endurance trained participants as compared to the age-matched sedentary 
participants, and it was 40% lower in sedentary and 20% lower in endurance trained elderly 
men as compared to the younger participants. They concluded that calf venous compliance 
was reduced with age, but was better preserved with endurance training (22). 
Some studies have suggested that reduced venous compliance among the elderly might 
have an effect on orthostatic tolerance (23, 36). Olsen and Lanne compared the venous 
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compliance in young (20-24 years) and older (60-66 years) participants and found that the 
older had reduced venous compliance and reduced capacitance response to LBNP than the 
younger persons. They suggested that the blood volume displacement during orthostatic 
stress could differ between young and older persons, which could reduce the central 
hypovolemic stimulus. This might account for decreased baroreflex sensitivity, which has 
been reported among older individuals (23). 
Fitness level and orthostatic tolerance among older individuals 
Improved fitness levels among the elderly have been associated with improved 
orthostatic tolerance. Fortney et al. compared highly trained older athletes (VOimax 52.4 
+1.7 ml-kg '-min1) with controls (VC^max 31 + 2.9 ml kg ' min"1) who did not exercise 
regularly and found that the trained participants maintained their end diastolic volume, 
stroke volume, cardiac output and mean arterial blood pressure better during graded LBNP (0 
to -50 mmHg). They suggested that the older participants, and especially the endurance 
trained, rely more on the Frank-Starling mechanism during orthostatic stress than the 
younger persons (8). Gabbett et al. reported that, although some studies on younger 
participants have shown that endurance exercise training can compromise orthostatic 
tolerance, older adults can improve their VC^max without compromising orthostatic 
tolerance. The participants increased VO^peak by 10 to 12 %, while heart rate, arterial 
pressure and baroreflex function were not different between the endurance trained older 
participants and control participants when subjected to head-up tilt (11). 
Summary 
The data suggest that the cardiovascular responses to orthostatic stress differ 
depending on the age and the fitness level of the person. In general, older adults show 
diminished total peripheral resistance and tachycardia and experience a blunted drop in 
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stroke volume in response to LBNP. However, most of these studies employed submaximal 
orthostatic stress and did not stress the participants to tolerance, it was assumed that these 
differing responses would lead to differences in tolerance. To this author's knowledge, 
Tsutsui and colleagues reported the only investigation to date that has attempted to directly 
measure tolerance to maximal lower body negative pressure. However, they applied LBNP 
to -60 mmHg which was a maximal stressor for only 13 of their 37 participants (35). A 
study of cardiovascular responses to maximal orthostatic stress comparing participants across 
different age groups and fitness levels will give us further insights about the mechanisms for 
regulation of blood pressure and central venous pressure during orthostatic stress. Further, a 
study investigating the effects of an endurance-training program in the elderly on limb 
venous compliance and responses and tolerance to a maximal orthostatic challenge will 
provide further insight into the role endurance training plays in blood pressure regulation. 
This knowledge can provide important background for exercise prescription for the ever­
growing older population. Finally, finding a way to characterize the relationship between 
variables that may affect orthostatic tolerance would be of importance to both spaceflight and 
clinical populations. 
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CHAPTER 2. EFFECTS OF AGE AND FITNESS ON TOLERANCE TO LOWER BODY 
NEGATIVE PRESSURE 
A paper to be published in the Journal of Gerontology: Medical Sciences 
Juliane P. Hernandez, Amruta Karandikar, Warren D. Franke 
Abstract 
Background: The purpose of this investigation was to determine the effects of age and fitness 
on tolerance to maximal lower body negative pressure (LBNP). Methods: Ten older fit (OF; 
73.9 + 2 yo; 39.0 + 2 ml-kg'-min1; age and estimated VOzpeak, respectively), ten older unfit 
(OU; 70.9 + 1 yo;  27.1 + 2 ml-kg ^min"1) ,  ten young f i t  (YF; 22.6 + 0.5 yo;  57.1+2 ml kg 
'•min'1) and ten young unfit (YU; 23.1 + 1 yo; 41.1+2 ml-kg '-min"1) participants underwent 
graded LBNP of -10 mmHg every 4 minutes to either presyncope or -100 mmHg. Results: 
Compared to the other groups, YF had an earlier increase in HR (-40 mmHg vs the last stage, 
YF vs OF, OU, YU, respectively) and decline in stroke volume (-20 mmHg vs -40 mmHg; 
YF vs OF, OU, YU, respectively). OU had a higher resting mean arterial pressure; this 
difference was maintained until the last stage. OF had an earlier decline in total peripheral 
conductance than the other groups (-20 mmHg vs -40 mmHg). Tolerance to maximal LBNP 
did not differ between the groups. Conclusions: Despite differences in the responses to 
submaximal LBNP, neither age nor cardiovascular fitness affect tolerance to maximal LBNP. 
Introduction 
The ability to maintain cerebral blood perfusion with a change in posture is known as 
orthostatic tolerance. A number of mechanisms enable the human body to maintain blood 
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pressure in an upright posture. Both age and fitness level can affect these mechanisms. 
Orthostatic hypotension has (1) and has not (2) been reported among the elderly. Similar 
ambiguity exists in the research with respect to endurance athletes who may (3-7) or may not 
(8, 9) have reduced tolerance to orthostatic stress. Many of these aging studies focused on 
the responses to submaximal orthostatic stress rather than tolerance to maximal orthostatic 
stress (1,2, 10-15). Further, they generally had a focus on either aging or fitness, not both. 
In other words, we are aware of only one study that assessed the effects of aging on maximal 
orthostatic stress (2). However, in this study (2), Tsutsui and colleagues applied lower body 
negative pressure (LBNP) to only -60 mmHg and only 13 of 37 participants became 
presyncopal; while the participants are described as healthy, their level of fitness was not 
assessed. Thus, it is not entirely clear how chronic exercise training affects orthostatic 
tolerance in the elderly. 
The purpose of this investigation was to determine the effects of age and fitness level 
on both orthostatic tolerance and the cardiovascular responses to orthostatic stress assessed 
with LBNP. We hypothesized that tolerance to maximal LBNP would be greater in unfit 
than fit participants. Further, we hypothesized that tolerance to maximal LBNP would be 
greater in older than younger participants. 
Methods 
Participants 
Younger and older participants free of any diagnosed cardiovascular disease and not 
on any cardiac medications were recruited from the collegiate and surrounding communities 
for this investigation. The participants were parsed into four groups based on age and fitness: 
20 young participants (< 30 yrs, 10 males and 10 females) and 20 older participants (>60 yrs, 
10 males and 10 females) were subsequently divided into fit and unfit groups (n=10 each; 5 
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men and 5 women) according to their fitness level. All participants underwent a maximal 
graded exercise test (Bruce protocol for younger participants and Modified Bruce protocol 
for the older) to determine their fitness status. VOapeak estimates were obtained for all the 
participants using the time to termination of the stress test as the criterion. The participants 
were grouped into fit and unfit using age- and sex-based norms (16). All the young women 
were tested during the follicular phase (days 3-10 following the onset of the menstrual cycle) 
of their menstrual cycle. Participant characteristics are summarized in Table 1. 
General Experimental Design 
Participants reported to the laboratory on three separate occasions. The first meeting 
was to assess anthropometric status and determine fitness level. The second visit served to 
orient the participants to the testing apparatus and protocol. The third visit was for the LBNP 
tolerance test. Prior to data collection, all participants were verbally informed of the risks 
and benefits of this study and provided written informed consent. All participants refrained 
from any exercise, alcohol, tobacco, or caffeine ingestion for 12 hours and food intake for 3 
hours before their LBNP test. The Institutional Review Board of Iowa State University 
approved this investigation; the results reported here are part of an ongoing investigation in 
our lab. 
Lower body negative pressure testing. 
Each participant reported to the laboratory no sooner than 48 hours after the test to 
estimate V02peak and following instrumentation, assumed a supine posture inside the LBNP 
testing chamber. Once inside, they straddled a padded bicycle seat with their feet well clear 
of the base of the chamber and were sealed at the level of the iliac crest. Following 12 
minutes rest at ambient barometric pressure, negative pressure was induced using a 
commercially available vacuum and quantified with a pressure transducer (PS309, Validyne, 
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Northridge, CA). Graded LBNP was invoked with 10 mmHg increases in negative pressure 
every 4 min. The LBNP test was terminated when the participant either completed 4 min at -
100 mmHg, at the onset of presyncopal symptoms, or by participant request. Signs of 
impending presyncope included dizziness, nausea, profuse sweating, or a rapid change in 
blood pressure defined as either a decrease in systolic blood pressure by 25 mmHg or a 
decrease in diastolic blood pressure by 15 mmHg within 1 min. 
Assessment of Cardiovascular Responses 
Forearm blood flow was measured using mercury-in-silastic strain gauge 
plethysmography (D.E. Hokanson, Bellevue, WA; 34) with the strain gauge placed around 
the proximal portion of the left forearm about one-third the distance from the olecranon to 
the ulnar styloid. A wrist cuff was used to occlude circulation to the hand during forearm 
blood flow measurements; forearm blood flow was assessed every 20 s. Blood pressure was 
measured every minute via a Dinamap (J&J Medical, Tampa, FL). Heart rate was assessed 
continuously using 5-lead electrocardiography. Stroke volume was determined every minute 
using impedance cardiography (Minnesota Impedance Cardiograph Model 304B, Surcom, 
Minneapolis, MN) and ensemble R-wave averaging on 55 s of data acquired in each 60 s 
period. The analog heart rate and forearm blood flow signals were input into an on-line 
personal computer system using commercially available software (BIOPAC, Santa Barbara, 
CA). The heart rate and impedance cardiograph signals were also analyzed using 
commercially available software (Microtronics Corp, Chapel Hill, NC) to determine stroke 
volume and calculate cardiac output. 
Analysis 
LBNP tolerance was quantified as the LBNP tolerance index. This index was 
calculated as the sum of the products of duration spent at each negative pressure and the 
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change in pressure from the previous stage (17). The LBNP tolerance index is a linear 
function for the conditions used in the present study. Cardiac output (Q) was calculated 
every minute as the product of stroke volume and the concurrent heart rate. Mean arterial 
pressure (MAP) was determined every minute from the Dinamap. Forearm vascular 
conductance was calculated as FBFZMAP and total peripheral conductance (TPC) as Q/MAP. 
The anthropometric, estimated VC^peak and LBNP tolerance index data were compared 
using two-way ANOVA (age x fitness). Mean cardiovascular responses for min 2-4 of each 
stage of LBNP common to all participants, the last completed stage of each participant and 
each of the last 2 min of LBNP were compared using three-way (age x fitness x negative 
pressure) repeated measures analysis of variance. Post-hoc comparisons were made using the 
Tukey test. Statistical significance was set at 0.05 with data reported as means + SE. 
Results 
Table 1 summarizes the anthropometric characteristics of all participants (n= 20 
women and 20 men) in the study. The groups did not differ significantly in either height or 
body surface area. As desired, the groups differed significantly with respect to age and fitness 
(pcO.OOl). The only exception was that old fit (OF) and young unfit (YU) groups did not 
differ in their fitness. The unfit groups were fatter than their fit peers (p<0.001). The young 
fit (YF) group was leaner than the other three groups (pcO.OOl). Importantly, the groups did 
not differ in the LBNP tolerance index (LTI). All participants terminated the protocol due to 
signs or symptoms of impending presyncope except for three participants who finished the 
entire protocol. One was in YF and two were in the older unfit (OU) group. Their data were 
excluded from the comparisons of the last 2-min of LBNP. 
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Resting data 
The resting heart rate of the YF group was significantly lower than the other groups 
(Table 2) (pcO.OOl). The YF group had significantly higher resting stroke volumes than the 
OU group (Table 2) (p<0.030). Cardiac output did not differ between any of the groups 
(Table 2). The OU group had significantly higher blood pressures than all the other groups 
(p<0.001) (Table 2). The YF group had a significantly lower diastolic blood pressure than 
OU and the older fit (OF) group (Table 2) (pcO.OOl). Forearm vascular conductance was 
higher in the OF group than the other groups (pc0.05). Total peripheral conductance tended 
to be lower in the OU group (p=0.054; Table 2). 
Cardiovascular responses to submaximal LBNP 
Hemodynamic responses to LBNP are illustrated in figures 1 through 3. Two 
participants reached presyncope (one OU female and one OF male) before -40 mmHg of 
LBNP and were excluded from these analyses. There were no significant main effect 
differences between the groups other than those seen at rest. However, there were some 
LBNP by group interactions. 
In all the groups, heart rate rose above rest at the last stage (Figure 1) (pcO.OOl); in YF, 
heart rate rose above rest at -40 mmHg (Figure 1) (pcO.OOl). Stroke volume fell below rest 
at -40 mmHg in all the groups except YF; in this group, it did so at -20 mmHg (pcO.OOl) 
(Figure 1). The increases in heart rate offset the declines in stroke volume such that all the 
groups experienced similar decreases in the cardiac output across the protocol (Fig. 2). 
OU maintained significantly higher mean arterial pressure than the other groups with 
LBNP to —40 mmHg (Figure 2, Table 2) (pcO.OOl). However, compared to the other groups, 
OU had significant decreases in mean arterial pressure at the last completed stage (pcO.OOl). 
The LBNP stage at which TPC decreased below rest differed between groups: -20 mmHg in 
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OF, - 30 in YF, - 40 in YU (pcO.OOl; Figure 3) while TPC in OU did not differ significantly 
from rest. The OF showed a significant decrease below rest in FVC at -30 mmHg (pcO.OOl), 
while FVC did not change significantly in the other groups (Figure 3). 
Presyncope 
Results are presented as one minute before the end (E-l) and the last minute of the 
test (E) (Figures 1-3). Three participants finished the protocol and were excluded from this 
analysis. The test was concluded due to presyncopal symptoms in the remainder of the 
participants. Heart rate was significantly higher than rest for the YU and YF groups and 
stroke volume was significantly lower than rest for all groups (pcO.OOl) (Figure 1). Cardiac 
output was lower than rest for all groups in the last completed stage of LBNP and at E-l and 
E for the OU and OF groups (pcO.OOl). Mean arterial pressure was significantly lower than 
rest at E-l for only OU, but significantly lower than rest at E for all the groups (pcO.OOl) 
(Figure 2). There were no changes observed in forearm vascular conductance or total 
peripheral conductance in the last two minutes of the test (Figure 3). 
Discussion 
The purpose of this study was to examine the effects of age and exercise training on 
orthostatic tolerance using maximal LBNP. We hypothesized that tolerance to maximal 
LBNP would be greater in unfit than fit participants. Further, we hypothesized that tolerance 
to maximal LBNP would be greater in older than younger participants. In this study, all the 
groups tolerated graded maximal LBNP equally well. Thus our findings do not support our 
hypotheses, suggesting that neither age nor fitness affect orthostatic tolerance. However, 
there were small, statistically significant between group differences in these responses. YF 
responded to LBNP with a greater tachycardie response and higher initial stroke volumes. 
OU had higher resting blood pressures, which were maintained throughout the protocol. OF 
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coped with a reduced central blood volume by decreasing TPC more than the other groups. 
Thus, our data suggest that participants differing in age and fitness maintain blood pressure 
in the face of a marked orthostatic challenge but do so utilizing different cardiovascular 
mechanisms. 
Previous studies have found conflicting results concerning the effects of exercise 
training on the hemodynamic responses to LBNP and LBNP tolerance. Convertino found that 
the better the fitness status, the better the orthostatic tolerance (9). However, Raven and 
Pawelczyk showed that high fit (60 ± 0.8 ml-kg'-min1) participants had lower tolerance to 
LBNP as compared to mid fit (48.9 ± 1 ml-kg '-min"1) and low fit (35.7 ± 0.9 ml-kg '-min"1) 
participants (3). More recently, Franke and colleagues compared the tolerance of highly 
trained swimmers (69.5 + 2.6 ml-kg '-min"1) and runners (70.0 + 1.6 ml-kg '-min"') and found 
that the tolerances of these participants were comparable to much less fit participants (8). In 
the present study, the less fit groups had comparable tolerances to LBNP as their 
considerably more fit peers suggesting that cardiovascular fitness does not affect tolerance. 
The effects of age on orthostatic tolerance remain unclear. There is an attenuated 
increase in HR among the older population as compared to younger persons in response to 
similar submaximal orthostatic stress (1, 10, 11). Recently Tsutsui and colleagues found that 
the LBNP-associated increase in HR and decrease in SV were smaller in older than younger 
participants. This did not appear to affect tolerance to the orthostatic stress, although 
tolerance per se was assessed in only 13 of the 37 participants (2). In contrast, we did not 
find any age main effect differences in the present study, although the YF group had a more 
rapid decline in SV and greater increase in the HR in response to submaximal LBNP (Fig. 1). 
In assessing the interactive effects of age and fitness, Fortney et al. found that highly 
trained (52.4 ±1.7 ml-kg '-min"1) older participants had smaller decreases in cardiac volumes 
28 
and MAP and smaller increases in HR in response to submaximal LBNP as compared to a 
control group (31.0 + 2.9 ml-kg '-min ') (12). Our OU had higher resting MAP and lower 
TPC; with LBNP, MAP declined earlier in this group at the last stage, becoming similar to 
that of OF. Both MAP and TPC did not differ significantly in the last two minutes of LBNP. 
Gabbett and colleagues found that a cycling endurance-training program in healthy 
physically active older men elicited increases in VO^peak without significant changes in 
cardiovascular responses to 90° head up tilt (13). In neither study (12, 13) was orthostatic 
tolerance explicitly assessed. Nevertheless, the findings of the present investigation are 
consistent with these studies—higher levels of fitness affect the responses to submaximal 
LBNP in older participants without affecting orthostatic tolerance. 
It has been suggested that young participants with VOzpeak above 55 (9) or 65 ml-kg" 
' min ' (3) are prone to reduced orthostatic tolerance. One of the reasons suggested was a 
reduced tachycardie response (6, 9). This attenuated response was not seen in this study. 
The YF was the most fit group (57 ml-kg '-min"') yet had the most pronounced tachycardie 
response to LBNP. It may be that the level of fitness necessary to attenuate the HR response 
to orthostatic stress, and in turn tolerance, is higher than the fitness level of the young fit 
group in the present investigation. 
Several limitations of the present investigation need to be recognized. First, this 
study was cross-sectional in nature so we do not know if pre-existing differences in 
orthostatic tolerance affected our findings. Secondly, our participants were relatively unique 
in that they were apparently healthy and not on any medications that might have affected 
their responses to LBNP. Finally, this healthy status may have contributed to our older unfit 
group actually being fair-to-average in fitness for their age (16). 
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We conclude that neither aging nor fitness level per se affect tolerance to the 
orthostatic stress of LBNP. While differences were observed with age and fitness in the 
responses to submaximal orthostatic stress, these differences did not translate to differences 
in tolerance. 
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Table 1. Anthropometric data for all participants (n= 40) 
Variable Young Unfit (YU) Old Unfit (OU) Young Fit (YF) Old Fit (OF) 
Age (years) 23.1+ 1 70.9+ 1 *§ 22.6+ 0.5 73.9+ 2 *§ 
Height (cm) 171.7+3.0 167.7+ 3.0 173.6+2.0 170.4+ 4.0 
Weight (kg) 88.8± 5.0 § 84.6+5.0 § 67.5+ 3.0 75.2± 4.0 § 
Body fat (%) 34.6+ 2.0§ 28.5+ 2.0 § 16.4+2.0 27.2+ 3.0§* 
BMI 30.3+ 1.0 29.8+ 0.5 22.3+ 2.0 *1 25.7+ 1.0*1 
BSA 2.01+0.01 1.86+ 0.01 1.80+ 0.01 1.93+ 0.01 
V02peak 41.1±2.0§1 27.1+ 2.0*§ $ 57.1+2.0*# 39.0+ 2.0§1 
LTI 264+ 18 304+ 19 291+ 17 282+ 34 
Values are mean + SEM. BMI- body mass index, BSA - body surface area, LTI - lower body 
negative pressure tolerance index. * P<0.05 versus young unfit, f P<0.05 versus old unfit, § 
P<0.05 versus young fit, $ p <0.05 versus old fit. 
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Table 2. Baseline hemodynamics 
Variable Young Unfit Older Unfit Young Fit Older Fit 
HR (beats/min) 68 ± 3 § 70 ± 3§ 54 + 2 67 ± 4§ 
SV (ml/beat) 105 ± 14 81 ± 7 131 ± 81 104 + 16 
CO (L/min) 7.06 ± 1.00 6.00 ± 0.50 7.09 ± 0.50 6.94 + 1.00 
MAP (mmHg) 83 ± 31 99 + 2 75 + 21 83 + 31 
Systolic BP (mmHg) 116 ± 31 141 ± 6 110 ± 31 122 + 31 
Diastolic BP (mmHg) 62 ± 31 75 ± 1 57 + 11$ 67 + 21 
Pulse Pressure (mmHg) 54 ± 21 65 + 6 53 + 31 53 ± 41 
FVC (units) 0.024 ± 0.002$ 0.020 ± 0.003$ 0.030 + 0.002$ 0.041 + 0.003 
TPC (units) 0.090 ± 0.00 0.060 ± 0.00 0.090 ± 0.00 0.090 ± 0.00 
Values are mean + SEM. § p<0.05 vs. YF, 1 p <0.05 vs. OU, $ p <0.05 vs. OF. HR, heart 
rate; SV, stroke volume; CO, cardiac output; MAP, mean arterial pressure; FVC, forearm 
vascular conductance; TPC, total peripheral conductance. 
Figure Legends 
Figure 1. Heart rate and stroke volume responses to lower body negative pressure. Last 
stage = last stage completed in the protocol, e-l = 1 minute before end of test, e = 
last minute of test. § p<0.05 for YF vs. rest, $ p<0.05 for OF vs. rest, % p<0.05 for 
OU vs. rest, * p<0.05 for YU vs. rest. See text for age-by-group interactions. 
Figure 2. Cardiac output and mean arterial pressure responses to lower body negative 
pressure. See Figure 1 for legend. 
Figure 3. Forearm vascular and total peripheral conductance responses to lower body 
negative pressure. See Figure 1 for legend. 
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CHAPTER 3. AGE- AND FITNESS-RELATED DIFFERENCES IN LIMB VENOUS 
COMPLIANCE DO NOT AFFECT TOLERANCE TO MAXIMAL LOWER BODY 
NEGATIVE PRESSURE IN MEN AND WOMEN 
Juliane P. Hernandez and Warren D. Franke 
A paper to be published in the Journal of Applied Physiology. 
Abstract 
Aging and chronic exercise training influence leg venous compliance. Venous compliance 
affects responses to an orthostatic stress; its effect on tolerance to maximal lower body 
negative pressure (LBNP) in the elderly is unknown. PURPOSE: To determine the 
influence of age and fitness, a surrogate measure of exercise training, on calf venous 
compliance and tolerance to maximal LBNP in men and women. METHODS: Forty 
participants, 10 young fit (YF, 22.6 ±1.4 yrs, 57.1 ± 6.2 ml kg min, VOzpeak), 10 young 
unfit (YU, 23.1 ± 3.5 yrs, 41.1 ± 5.0 ml kg min), 10 older fit (OF, 73.9 ± 6.6 yrs, 39.0 ± 5.6 
ml kg min,), and 10 older unfit (OU, 70.9 ±3.8 yrs, 27.1 ± 6.8 ml kg min) underwent graded 
lower body negative pressure to presyncope or 4 minutes at -100 mmHg. Utilizing venous 
occlusion plethysmography, calf venous compliance was determined using the first 
derivative of the pressure-volume relation during cuff pressure reduction. RESULTS: The 
more fit groups had greater venous compliance than their unfit peers (p<0.05) as did the 
young groups compared to their older peers (p<0.05) such that OU<YU=OF<YF. LBNP 
tolerance did not differ between groups. CONCLUSION: These data suggest that aging 
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reduces, and chronic exercise increases, venous compliance. However, these data do not 
support a significant influence of venous compliance on LBNP tolerance. 
Physical activity, venous capacitance, orthostatic challenge, blood pressure regulation 
Introduction 
In humans, orthostatic stress causes a rapid shift in blood volume from the thoracic 
region to the compliant venous system of the lower extremities. This fluid shift reduces 
central blood volume and cardiac preload which is compensated for by reflex increases in 
heart rate and peripheral resistance. The heart rate, vasoconstrictor and blood pressure 
responses to lower body negative pressure (LBNP) can be markedly attenuated if these fluid 
shifts can be prevented (13). This finding implies that the compliance of the leg veins is an 
important determinant of the cardiovascular responses to orthostatic stress. 
Older individuals generally have lower heart rate (10, 11, 22, 27, 29) and stroke 
volume (25, 29) responses to orthostatic stress than the young. A wide range of peripheral 
vascular resistance responses to orthostatic stress have been reported when comparing young 
and older participants (6, 10, 11, 27, 29). Aging is associated with a reduced leg venous 
compliance (19, 21, 29). Thus, attenuated cardiovascular responses in older groups may be 
partly mediated by reductions in venous compliance which attenuate caudal fluid shifts (21, 
22, 29). Chronic exercise training can improve leg venous compliance in the elderly (23, 
28), but the effect of exercise-associated changes in leg venous compliance on responses to 
orthostatic stress in the elderly has yet to be elucidated. 
In much younger participants, chronic exercise training has been associated with 
increases (5, 10), reductions (3, 24) and no change (9) in orthostatic tolerance. However, the 
greater leg venous compliance seen in these very active subjects has been associated with 
impaired orthostatic tolerance (17,24). Chronic training can affect the responses to 
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submaximal orthostatic stress in older individuals (8,11), but the extent to which chronic 
exercise affects orthostatic tolerance in older adults is unknown. Accordingly, the purposes 
of this investigation were to determine the effects of differences in venous compliance, 
associated with aging and chronic exercise training, on tolerance to a maximal orthostatic 
challenge. 
Methods 
Participants 
Forty participants, free of any diagnosed cardiovascular disease and not on any 
cardiac medications, were recruited from the collegiate and surrounding communities for this 
investigation. All participants reported no tobacco use. The participants were parsed into 
four groups based on age and fitness: 20 young participants (< 30 yrs, 10 males and 10 
females) and 20 older participants (>60 yrs, 10 males and 10 females) were subsequently 
divided into fit and unfit groups (n=10 each; 5 men and 5 women) according to their fitness 
level. All participants underwent a maximal graded exercise test (Bruce protocol for younger 
participants and Modified Bruce protocol for the older) to determine their fitness status. 
VOapeak estimates were obtained for all the participants using the time to termination of the 
stress test as the criteria. The participants were grouped into fit and unfit using age- and sex-
based norms (12). All the young women were tested during the follicular phase (days 3-10 
following the onset of the menstrual cycle) of their menstrual cycle, while the older women 
were all postmenopausal (18). Participant characteristics are summarized in Table 1. 
General Experimental Design 
Participants reported to the laboratory on four separate occasions. The first meeting 
was to assess anthropometric status and determine VOzpeak. The second visit served to 
orient the participants to the testing apparatus and protocol. The third visit was for the LBNP 
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tolerance test, and the final visit was for determination of limb venous compliance. Prior to 
data collection, all participants were verbally informed of the risks and benefits of this study 
and provided written informed consent. All participants refrained from any exercise, alcohol, 
or caffeine ingestion for 12 hours and food intake for 3 hours before their LBNP and venous 
compliance tests. The Institutional Review Board of Iowa State University approved this 
investigation; the results reported here are part of an ongoing investigation in our laboratory. 
Lower body negative pressure testing. 
The methods described here are similar to those frequently used in this laboratory 
(15). Each participant reported to the laboratory no earlier than 48 hours after the VOipeak 
test and following instrumentation assumed a supine posture inside the LBNP testing 
chamber. Once inside, they straddled a padded bicycle seat with their feet well clear of the 
base of the chamber and were sealed at the level of the iliac crest. Following 12 minutes rest 
at ambient barometric pressure, negative pressure was induced using a commercially 
available vacuum and quantified with a pressure transducer (PS309, Validyne, Northridge, 
CA). Graded LBNP was invoked with 10 mmHg increases in negative pressure every 4 min. 
The LBNP test was terminated when the participant either completed 4 min at -100 mmHg, 
at the onset of presyncopal signs, or by participant request concurrent with presyncopal 
symptoms. Signs and symptoms of impending presyncope included dizziness, nausea, 
profuse sweating, or a rapid change in blood pressure defined as either a decrease in SBP by 
25 mmHg or a decrease in DBP by 15 mmHg within 1 min. 
Venous Compliance 
Participants reported to the laboratory for the venous compliance test within one week 
of the LBNP test. The test used was a modified version of that reported elsewhere (14, 20). 
Briefly, participants were placed in the supine position with the right leg elevated above heart 
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level and supported at the ankle and thigh. Using the formula 7ir2*L, calf volume was 
calculated from four girth measures obtained equidistantly between the medial malleolus and 
the tibial plateau and one calf segment length. Changes in limb volume relative to baseline 
were measured noninvasively using strain-gauge plethysmography at the maximal calf 
circumference. A venous collecting cuff was placed ~5cm proximal to the knee on the right 
leg and inflated to 60 mmHg for 8 minutes and then reduced at a rate of 5 mmHg/5s (over 1 
minute) to 0 mmHg. 
Analysis 
LBNP tolerance was quantified as the LBNP tolerance index (LTI). This index was 
calculated as the sum of the products of duration spent at each negative pressure multiplied 
by the change in pressure from the previous stage (16). For the purposes of this 
investigation, "tolerance" was defined as the point at which a participant could no longer 
maintain mean arterial pressure and experienced presyncopal symptoms. 
Determination of venous compliance involved generating pressure-volume curves 
from the pressure-volume relationship as pressure was decreased at the rate of 5 mmHg/5s 
from 60 mmHg to 10 mmHg. Pressure-volume curves were compared by means of the 
quadratic regression model (Alimb volume) = (3o + Pi * (cuff pressure) + p2 * (cuff pressure)2 
for each individual. Regression models were calculated using the GLM procedure (SPSS), 
including between participant classifications for age and training status. The pressure-
volume relation is not linear; therefore a single number is not sufficient to characterize the 
slope of the pressure-volume curve. Thus the group-averaged regression parameters p, and 
P2, determined by the pressure-volume curves for each participant in the relevant groups, 
were used together as an estimate of compliance, such that compliance = (3i + 2*p2 * (cuff 
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pressure) or the derivative of the pressure-volume curve (14, 19). The coefficient of 
variation of this method has been reported to be 4.9% (14). 
The anthropometric, V02peak and LBNP tolerance index data were compared using 
two-way ANOVA (age x fitness). Post-hoc comparisons were made using the Tukey 
procedure. Due to the pressure dependent aspect of the venous compliance measurement, 
Pearson r correlations were calculated for LTI and VOapeak versus individual compliance at 
a pressure of 20 mmHg. Statistical significance was set at P<0.05 with data reported as 
means + SE. 
Results 
Table 1 summarizes the anthropometric characteristics of all participants (n= 20 
women and 20 men) in the study. The groups did not differ significantly in either height or 
body surface area. As desired, the groups differed significantly with respect to age and fitness 
(p<0.05). The only exception was that old fit (OF) and young unfit (UF) groups did not 
differ in their fitness. The unfit groups were fatter than their fit peers (p <0.05). The young 
fit (YF) group was leaner than the other three groups (p<0.05). The YU group had 
significantly greater calf volume than the YF (p <0.05) (Table 1). 
In both age groups, the fit participants had steeper slopes of the pressure - volume 
curves than did their unfit counterparts (p < 0.05). Further, the fit groups for each age group 
had approximately 50% greater (average percent difference from 20-50 mmHg) compliance 
than the unfit groups (Figure 1, Table 2). The older fit group had a steeper pressure - volume 
slope than did both the young unfit and older unfit groups (p < 0.05) (Figure 1, Table 2.). 
The difference in compliance between the OF and YU groups was -35%. The YU group had 
steeper pressure - volume slopes than did the OU group (p<0.05) (Figure 1, Table 2). 
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There was no difference in tolerance to maximal LBNP between any of the groups: 
YU = 264+18, OU = 304+19, YF = 291±17, YU = 282+34 mmHg-min (Figure 2). All 
participants terminated the protocol due to signs or symptoms of impending presyncope 
except for three participants who finished the entire protocol. One was in YF and two were 
in the OU group. Their data were included in the statistical analyses. 
Similarly, there was no relationship between compliance at 20 mmHg and LTI (r = -
.125, p = 0.444) (Figure 3). There was a tendency toward a positive relationship between 
compliance at 20 mmHg and VOzpeak (r = 0.297, p=0.063) (Figure 3). 
Discussion 
The purpose of this investigation was to determine the effects of differences in 
venous compliance associated with aging and fitness level on tolerance to maximal LBNP. 
We found an increased venous compliance with fitness in both young and older participants 
and a decreased venous compliance with age in both fitness categories. Surprisingly, there 
was no significant difference in the pressure - volume slopes between the YU and the OF 
groups. However, the primary findings of this investigation were that, despite differences in 
compliance with age and fitness, there were no differences in tolerance to the simulated 
maximal orthostatic stress of LBNP and no relationship between differences in venous 
compliance and tolerance. 
The present results concerning the effects of age (19, 21, 22, 28) and fitness (4, 19, 
23, 28) on venous compliance are largely consistent with previous findings. Collectively, 
these studies provide strong evidence indicating a profound effect of chronic exercise 
training on venous compliance in the older population. Thus, endurance training can 
attenuate the reductions in compliance that are associated with aging. However, it remains to 
be determined how quickly these venous adaptations occur in response to endurance exercise 
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training. Parenthetically, the present results are similar to those of Monahan and colleagues 
(19) and further support the utility of this method as opposed to more traditional assessments 
of the slope of the pressure - volume relationship. 
Preventing the shift of fluid into the lower extremities with anti-shock trousers can 
reduce the reflex increases in heart rate and stroke volume seen in response to LBNP (13). A 
reduction in the compliance of the venous system may improve tolerance via the same 
means. However, in young participants, reductions in venous compliance consequent to 18 
days head-down bedrest did not affect orthostatic tolerance (1). In comparing young and 
older "physically active" participants, Tsutsui and colleagues found that leg compliance was 
significantly lower in the older participants (29). The older participants also had higher 
orthostatic tolerance which was attributed to an attenuated reduction in venous return due to 
the reduced compliance. Several issues affect comparisons between their results and those 
found here. Only 13 of their 37 participants actually became presyncopal. There are likely 
differences in participant characteristics since neither fitness nor exercise habits were 
characterized by Tsutsui and coworkers (29). In the present study, all the participants 
included in the analysis became presyncopal and all the fit participants had been exercising 
regularly for at least one year. The older fit participants had been training at least three times 
weekly in a structured exercise program. Moreover, Tsutsui and colleagues assessed leg 
compliance while the participants were undergoing LBNP while the present participants were 
assessed at rest. Increases in leg muscle sympathetic nerve activity and subsequent 
alterations in leg blood flow due to the LBNP likely confound interpretation of their results. 
Other studies have indicated that attenuation of caudal displacement of blood volume 
by mild muscle tension (26) or anti-shock trousers (13) can affect the cardiovascular 
responses to an orthostatic stress. While not the focus of the present study, we recently found 
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younger fit people, or those with the greatest compliance, to have an earlier increase in HR (-
40 mmHg vs the last stage stage of LBNP completed before presyncope) than did young 
unfit, older unfit and older fit individuals (15). This group also showed an earlier decline in 
stroke volume (-20 mmHg vs -40 mmHg) than the unfit and older groups. All groups 
showed significantly lower stroke volume, cardiac output and mean arterial pressure at 
presyncope than rest, while only the young fit and unfit groups had significantly higher heart 
rates at presyncope (15). Collectively, these studies suggest that differences in compliance 
do not affect tolerance but do affect the cardiovascular responses to an orthostatic stress. 
Our participant pool consisted of equal numbers of men and women, and differences 
in compliance with age and fitness were similar to those observed by Monahan et al. (19) 
whose participants were men. This suggests that the findings of Monahan et al. (19) might 
be extended to women. However, Monahan and Ray compared the compliance of men and 
women and found that women had a 48% lower resting calf venous compliance than the men 
(20). Additionally, they found that calf venous compliance was reduced with LBNP in men, 
but not in women (20). We found that women in the young unfit group had a 40% lower 
resting compliance than the men in the same group. This difference was not seen between 
young fit females and males or in older participants. While the fitness status of their 
participants was not reported (20), it might be that these gender differences are not seen in 
more fit or older individuals. Regardless, as shown here, these differences do not appear to 
affect LBNP tolerance. 
Endurance training has been suggested to decrease orthostatic tolerance (3, 24) with 
one of the mechanisms for this reduction being an increased venous compliance. If this were 
correct, then endurance training might be contraindicated for an older population already at a 
greater risk of falls. Our findings of no difference in orthostatic tolerance with training in 
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either the young or older groups are not consistent with this notion. Our findings imply that 
exercise training in both age groups, sufficient enough to increase V02peak and compliance, 
does not negatively affect tolerance to a maximal orthostatic stress. 
Several limitations need to be considered when reading the present investigation. 
First, while LBNP causes central hypovolemia, it is not a pure orthostatic stressor as the 
participants remain in the supine position. Nevertheless, lower body negative pressure is a 
widely utilized technique in the investigation of orthostatic stress. Several advantages of 
LBNP include the fact that it is non-invasive, relatively comfortable for participants and can 
be discontinued quickly. Participants remain at rest in the supine position during LBNP 
facilitating physiological measurements and minimizing the likelihood of confounding 
skeletal muscle activity (2). Second, besides the use of LBNP, the fact that our participants 
were clinically healthy needs to be considered when interpreting the present findings and 
extrapolating them to clinical populations. Third, the use of venous occlusion 
plethysmography to measure compliance is a measure of whole limb compliance which 
varies with age (7). This method assumes that venous collecting cuff pressure is equal to 
venous pressure. We feel that the use of the 8-minute collecting period accounted for 
possible differences in whole limb blood flow (14, 19). Finally, given that the present study 
was cross-sectional in nature with the attendant limitations of this design, longitudinal 
investigations to determine the effects of lower limb exercise training on compliance and 
orthostatic tolerance in an older population are warranted. 
In conclusion, venous compliance was reduced with age and increased with improved 
fitness. Neither age nor fitness was associated with differences in tolerance to maximal 
LBNP in men and women. Thus, age-associated reductions in venous compliance can be 
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offset by endurance training without compromising tolerance to a simulated maximal 
orthostatic stress. 
References 
1. Bleeker, M. W. P., De Groot, P.C.E., Pawelczyk, J. A., Hopman, M.T.E., Le vine, B.D. 
Effects of 18 days of bed rest on leg and arm venous properties. J Appl Physiol. 
96:840-847, 2004. 
2. Blomqvist, C.G., and Stone, H.L. Cardiovascular adjustments to gravitational stress. In: 
Handbook of Physiology. The Cardiovascular System. Peripheral Circulation and 
Organ Blood Flow. Bethesda, MD: Am. Physiol. Soc, 1983, sect.2, vol. Ill, pt. 2, chapt. 
28, p. 1025-1036. 
3. Blomqvist, C.G., Raven, P.B., Rohm-Young, D. Physical fitness and cardiovascular 
response to lower body negative pressure. J Appl Phyiol. 56:138-144, 1984. 
4. Convertino, V.A., Montgomery, L.D., and Greenleaf, I.E. Cardiovascular responses 
during orthostasis: effect of an increase in VC^max. Aviat Space Environ Med. 55: 
702-708, 1984. 
5. Convertino, V. Endurance exercise training: conditions of enhanced hemodynamic 
responses and tolerance to LBNP. Med. Sci. Sports Exerc. 25:705-712, 1993. 
6. Davy, K.P., Seals, D R., Tanaka, H. Augmented cardiopulmonary and integrative 
sympathetic baroreflex but attenuated peripheral vasoconstriction with age. 
Hypertension 32:298-304, 1998. 
7. Dinenno, F.A., Jones, P.P., Seals, D R., and Tanaka, H. Limb blood flow and vascular 
conductance are reduced with age in healthy humans: relation to elevations in 
sympathetic nerve activity and declines in oxygen demand. Circulation 100:164-170, 
1999. 
49 
8. Fortney S., Tankersley C., Lightfoot J.T., Drinkwater D., Clulow J., Gerstenblith G., 
O'Connor F., Becker L., Lakatta E. and Fleg J. Cardiovascular responses to lower body 
negative pressure in trained and untrained older men. J. Appl. Physiol. 73:2693-2700, 
1992. 
9. Franke, W.D., K.K. Mills, K. Lee, J.P. Hernandez. Training mode does not affect 
orthostatic tolerance in chronically exercising subjects. Eur J Appl Physiol. 89:263-270, 
2003. 
10. Frey M.A. and Hoffler G.W. Association of sex and age with responses to lower body 
negative pressure. J. Appl. Physiol. 65:1752-1756, 1988. 
11. Gabbett J.T., Weston S B., Barrett R.S. and Gass G.C. Cardiovascular regulation during 
head-up tilt in healthy 20-30 year old and 70-75 year old men. Clinical Science 100: 
199-206, 2001. 
12. Golding L.A., Myers C.R., Sinning W.E., eds. Y's Way to Physical Fitness. 3rd ed. 
Champaign, IL: Human Kinetics, 1989. 
13. Halliwill, J R., Lawler, L.A., Eickhoff, T.J., Joyner, M.J., and Mulvagh, S.L. Reflex 
responses to regional venous pooling during lower body negative pressure in humans. J 
Appl Physiol. 84:454-458, 1998. 
14. Halliwill, J R., Minson, C.T., and Joyner, M.J. Measurement of limb venous 
compliance in humans: technical considerations and physiological findings. J Appl 
Phyiol. 87:1555-1563, 1999. 
15. Hernandez, J.P., Karandikar, A. & Franke, W.D. Effects of age and fitness on tolerance 
to lower body negative pressure. J Geron: Med Sci (In Press), 2004. 
50 
16. Lightfoot T.J., Torok D.J., Journell T.W., Turner M.J., Claytor R.P. Resistance training 
increases lower body negative pressure tolerance. Med. Sci. Sports Exerc. 26:1003-1011, 
1994. 
17. Luft, U.C., Myrhe, L.G., Leopsky, J.A., Venters, M.D. A study of factors affecting 
tolerance of gravitational stress simulated by lower body negative pressure, Contract 
NAS9-14472. Albuquerque, NM: Lovelace Foundation, pp. 2-26, 1976. 
18. Minson, C.T., Halliwill, J R., Young, T.M., Joyner, M.J. Influence of the mentrual cycle 
on sympathetic activity, baroreflex sensitivity, and vascular transductions in young 
women. Circulation 101:862-868, 2000. 
19. Monahan, K.D., Dinenno, F.A., Seals, D R., and Halliwill, J.R. Smaller age-associated 
reductions in leg venous compliance in endurance exercise-trained men. Am J Physiol 
Heart Circ Physiol. 281: H1267-H1273, 2001. 
20. Monahan, K.D. and Ray, C.A. Gender affects calf venous compliance at rest and during 
baroreceptor unloading in humans. Am J Physiol Heart Circ Physiol. 286:H895-H901, 
2004. 
21. Olsen, H. and Lanne, T. Reduced venous compliance in lower limbs of aging humans 
and its importance for capacitance function. Am J Physiol. 275: H878-H886, 1998. 
22. Olsen, H., Vemersson, Einar, Lanne, T. Cardiovascular response to acute hypovolemia 
in relation to age. Implications for orthostasis and hemorrhage. Am J Physiol. 
278:H222-H232, 2000. 
23. Pawelczyk, J.A., Kenney, W.L. and Kenney, P. Cardiovascular responses to head-up tilt 
after an endurance training program. Aviat Space Environ Med 59:107-112, 1988. 
51 
24. Raven, P B. and Pawelczyk, J.A. Chronic endurance exercise training: a condition of 
inadequate blood pressure regulation and reduced tolerance to LBNP. Med Sci Sports 
Exerc. 25:713-721, 1993. 
25. Seals, D R., Taylor, J.A., Hand, G.A., Johnson, D.G. Sympathoadrenal-circulatory 
regulation of arterial pressure during orthostatic stress in young and older men. Am J 
Physiol. 263:R1147-R1155, 1992. 
26. Smith, M.L., Hudson, D.L. and Raven, P.B. Effect of muscle tension on the 
cardiovascular responses to lower body negative pressure in man. Med Sci Sports 
Exerc. 19:436-442, 1987. 
27. Shi X., Wray D.W., Formes K.J., Wang H., Hayes P.M., O-Yurvati A., Weiss M., Reese 
LP. Orthostatic hypotension in aging humans. Am. J. Physiol. 9:H1548-H1554, 2000. 
28. Tanaka, H., Dinenno, F.A., Monahan, K.D., Clevenger, C M., DeSouza, C.A., and Seals, 
D.R. Aging, habitual exercise, and dynamic arterial compliance. Circulation 101:1270-
1275, 2000. 
29. Tsutsui Y., Sagawa S., Yamauchi, K., Endo, Y., Yamazaki, F., and Shiraki, K. 
Cardiovascular responses to lower body negative pressure in the elderly: role of reduced 
leg compliance. Gerontology 48:133-139, 2002. 
52 
Table 1. Anthropometric data for all participants (n = 40) 
Variable Young Unfit (YU) Old Unfit (OU) Young Fit (YF) Old Fit (OF) 
Age (years) 23.1+ 1 7O.9+ 1 *§ 22.6+ 0.5 73.9+ 2 *§ 
Height (cm) 171.7+3.0 167.7+ 3.0 173.6+ 2.0 170.4+ 4.0 
Weight (kg) 88.8+ 5.0 § 84.6+5.0 § 67.5+ 3.0 75.2± 4.0 § 
Body fat (%) 34.6+2.0 § 28.5+ 2.0 § 16.4+ 2.0 27.2+ 3.0§ 
BMI 30.3+ 1.0 29.8+ 0.5 22.3+ 2.0 25.7+1.0*1 
BSA 2.01+0.01 1.86+ 0.01 1.80+0.01 1.93+ 0.01 
V02peak 41.1+2.0H 27.1+2.0*# 57.1+2.0 39.0+ 2.0§1 
Calf Volume 
(ml) 3782.2+259 § 3249.3+247 2753.7+144 3066.9+220 
Values are mean + SEM. BMI- body mass index, BSA - body surface area, LTI - lower body 
negative pressure tolerance index. * P<0.05 versus young unfit, 1 P<0.05 versus old unfit, § 
P<0.05 versus young fit, ± p <0.05 versus old fit. 
Table 2. Pressure-volume regression equations. 
YU: A Limb Volume = 0.988 ± 0.256 + 0.101 ± 0.015 (Cuff Pressure) - 0.00090 ± 
0.00012 (Cuff Pressure)2 
OU*: A Limb Volume = 0.897 ± 0.088 + 0.059 ± 0.014 (Cuff Pressure) - 0.000456 + 
0.000146 (Cuff Pressure)2 
YF][: A Limb Volume = 1.334 + 0.316 + 0.161 + 0.096 (Cuff Pressure) - 0.001397 + 
0.000197 (Cuff Pressure)2 
OF*<|[: A Limb Volume = 0.962 + 0.264 + 0.131 + 0.013 (Cuff pressure) - 0.00108 + 
0.000118 (Cuff Pressure)2 
Values are mean + SEM. * P<0.05 versus young of same fitness category. K P<0.05 versus 
age-matched sedentary. 
53 
Figure Legends 
Figure 1. Pressure - volume (top) and pressure - compliance relationships (bottom) in young 
unfit (YU), older unfit (OU), young fit (YF) and older fit (OF) groups. 
Figure 2. Tolerance to LBNP for each group expressed by the Lower Body Tolerance Index 
(LTI). Values are means + SEM. 
Figure 3. Relationship between Lower Body Tolerance Index (LTI) and calf venous 
compliance (20 mmHg) (top) andVOapeak and calf venous compliance (20 mmHg) (bottom). 
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CHAPTER 4. EFFECTS OF A 6-MONTH ENDURANCE-TRAINING PROTOCOL ON 
CALF VENOUS COMPLIANCE AND RESPONSES AND TOLERANCE TO MAXIMAL 
LBNP IN OLDER ADULTS 
A paper prepared for submission to the Journal of Applied Physiology. 
Juliane P. Hernandez and Warren D. Franke 
Abstract 
Aging and chronic exercise training influence leg venous compliance. Venous compliance 
affects responses to an orthostatic stress. It is unknown how endurance training in an older 
population will affect venous compliance and tolerance to the simulated orthostatic stress of 
maximal lower body negative pressure (LBNP). PURPOSE: To determine the influence of 
a 6-month endurance-training program on calf venous compliance and responses and 
tolerance to maximal LBNP in older men and women. METHODS: Twenty participants 
(Exercise group: n = 10, 5 males, 5 females; Control group: n = 10, 6 males, 4 females; 
all>60 y.) initially underwent graded LBNP to presyncope or 4 minutes at -100 mmHg and 
at the end of a 6 month endurance training program. Utilizing venous occlusion 
plethysmography, calf venous compliance was determined in both groups using the first 
derivative of the pressure-volume relation during cuff pressure reduction initially, at 3 
months, and at the end of the training program. RESULTS: The exercise group improved 
their fitness with the 6-month endurance-training program (p<0.05), while the control group 
did not change. LBNP tolerance did not differ between groups or across trials. Venous 
compliance was not different between groups or trials initially or after 3 months of endurance 
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training, but tended to be greater in the exercise group after 6 months of training (20-30%A, 
p=0.08). CONCLUSION : These data suggest that a 6-month endurance training program 
may improve venous compliance without affecting tolerance to maximal LBNP in older 
participants. 
Introduction 
Despite extensive investigation, the effects of either cardiovascular fitness or age on 
orthostatic tolerance remain uncertain. In younger people, some cross-sectional 
investigations have shown that endurance-trained participants have lower tolerance to head-
up tilt or lower body negative pressure (LBNP; 1, 2), while others have found no differences 
in tolerance with differences in fitness (3,4). Longitudinal investigations have shown that 
exercise training has improved (5, 6), had no effect on orthostatic tolerance (7, 8), or 
diminished tolerance to head-up tilt (9) and lower body negative pressure (10, 11). 
Fortney et al. found that highly trained (52.4 +1.7 ml-kg '-min1) older participants 
had smaller decreases in cardiac volumes and MAP and smaller increases in HR in response 
to submaximal LBNP as compared to a control group (31.0 + 2.9 ml-kg'-min1) (12). In 
contrast, longitudinal studies of older individuals found cardiovascular responses to 
prolonged head-up tilt to be unchanged in the trained compared to the untrained participants 
(13, 14). However, Carroll and colleagues specifically excluded participants who became 
presyncopal from their analysis (13), while only 10% of the individuals Gabbett and 
colleagues tested became presyncopal (14). Consequently, to the best of our knowledge, no 
investigation to date has specifically assessed differences in tolerance to a maximal 
orthostatic challenge following an endurance training program in the elderly. Aging has been 
reported to be associated with higher incidence of orthostatic hypotension (15, 16), which 
might increase the risk of falls in this population. Greater predisposition to orthostatic 
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hypotension as a result of endurance training in an older population would be undesirable. 
However, if endurance training improved blood pressure regulation, then it would provide 
further evidence of the benefits of exercise in older adults. 
Calf venous compliance may be a critical factor in determining the cardiovascular 
stress associated with changes in orthostasis. Preventing fluid shifts into the legs markedly 
reduces reflex responses to an orthostatic stressor (17). Calf venous compliance may be 
lower in older adults (18, 19, 20, 22), which some have suggested may help protect older 
participants during orthostatic stress (18, 23). Calf venous compliance is higher in endurance 
trained young and older individuals (4, 5, 20, 21, 22). Tsutsui and colleagues suggested that 
lower leg compliance was associated with higher orthostatic tolerance in old compared to the 
young participants. However, compliance was assessed during the LBNP protocol rather 
than during rest, only 35% of the participants did not tolerate the orthostatic challenge, and 
fitness was not considered (23). Recent cross-sectional data suggests that endurance training 
may improve venous compliance without affecting tolerance to maximal LBNP (22). 
However, the extent to which pre-existing differences in tolerance or compliance affected 
these findings are unknown. 
In summary, it is unclear whether chronic endurance training affects tolerance to an 
orthostatic challenge in the elderly, in general, and more specifically, whether changes in 
venous compliance may affect this tolerance. Therefore, the purposes of this investigation 
were to determine 1) the effects of a 6-month endurance-training program on calf venous 
compliance and 2) the responses and tolerance to the orthostatic stressor of maximal LBNP 
in older men and women. Based on our recent cross-sectional data (3, 22) we hypothesized 
that calf venous compliance would increase following the endurance-training protocol but 
tolerance would not be associated with this increased lower extremity compliance. 
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Methods 
Participants 
Twenty-eight older men and women volunteered to participate in this investigation. 
These volunteers were screened with a review of their medical and exercise history, written 
clearance-to-participate by their personal physicians and, finally, with a maximal graded 
exercise test using the modified Bruce protocol. Eight volunteers were excluded from the 
study due to beta-blockade use (n=4), various arrhythmias (n=3) and significant 
cardiovascular disease discovered during the graded exercise test (n=l). The twenty selected 
were free of overt cardiovascular disease and without orthopedic limitations to either exercise 
testing or training. They were randomly assigned to either an exercise or control group. 
However, three individuals from each randomly assigned group were switched due to 
individuals assigned to the experimental group planning to be out of town too often to make 
the exercise intervention reliable (Exercise group: n = 10, 5 males, 5 females; Control group: 
n = 10, 6 males, 4 females). VOipeak estimates were obtained for all the participants using 
the time to termination of the stress test as the criterion. All the women were 
postmenopausal. Participant characteristics are summarized in Table 1. 
General Experimental Design 
Participants reported to the laboratory on four separate occasions following receipt of 
physician approval for participation. The first meeting was to assess anthropometric status 
and conduct the graded exercise test. The second visit oriented the participants to the testing 
apparatus and protocol. The third visit was for the initial LBNP tolerance test. The final 
visit was to conduct the initial calf venous compliance test. The LBNP and calf venous 
compliance tests were performed after 3 months and at the end of the 6-month endurance-
training program. Prior to data collection, all participants were verbally informed of the risks 
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and benefits of this study and provided written informed consent. The Institutional Review 
Board of Iowa State University approved this investigation. 
Lower body negative pressure testing. 
The methods described here are similar to those frequently used in this laboratory (3. 
22). Each participant reported to the laboratory at least 48 hours after the stress test. 
Following instrumentation, the participants assumed a supine position inside the LBNP 
testing chamber. Once inside, they straddled a padded bicycle seat with their feet well clear 
of the base of the chamber and were sealed at the level of the iliac crest. Following 12 
minutes rest at ambient barometric pressure, negative pressure was induced using a 
commercially available vacuum and quantified with a pressure transducer (PS309, Validyne, 
Northridge, CA). Graded LBNP was invoked in 4 minute stages, with 10 mmHg increases in 
negative pressure. The LBNP test was terminated either at the onset of presyncopal 
symptoms, when the participant completed 4 min at -100 mmHg, or by participant request. 
Signs of impending presyncope included participant reported dizziness, nausea, profuse 
sweating, or an observed rapid change in blood pressure defined as either a decrease in 
systolic blood pressure by 25 mmHg or a decrease in diastolic blood pressure by 15 mmHg 
within 1 min. All participants refrained from any exercise, alcohol, tobacco, or caffeine 
ingestion for 12 hours and food intake for 3 hours before their LBNP tests. 
Assessment of Cardiovascular Responses 
Forearm blood flow was measured using mercury-in-silastic strain gauge 
plethysmography (D.E. Hokanson, Bellevue, WA; 34) with the strain gauge placed around 
the proximal portion of the left forearm about one-third the distance from the olecranon to 
the ulnar styloid. Forearm blood flow was assessed every 20 s. A wrist cuff was used to 
occlude circulation to the hand during forearm blood flow measurements. Blood pressure 
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was measured every minute via a Dinamap (J&J Medical, Tampa, PL). Heart rate was 
assessed continuously using 5-lead electrocardiography. Stroke volume was determined 
every minute using impedance cardiography (Minnesota Impedance Cardiograph Model 
304B, Surcom, Minneapolis, MN) and ensemble R-wave averaging on 55 s of data acquired 
in each 60 s period. The analog heart rate and forearm blood flow signals were input into an 
on-line personal computer system using commercially available software (BIOPAC, Santa 
Barbara, CA). The heart rate and impedance cardiograph signals were analyzed using 
commercially available software (Microtronics Corp, Chapel Hill, NC) to determine stroke 
volume and calculate cardiac output. 
Venous Compliance 
The test used was a modified version of that reported elsewhere (20, 24). Briefly, 
participants were placed in the supine position with the right leg elevated above heart level 
and supported at the ankle and thigh. Using the formula 7tr2*L, calf volume was calculated 
from four girth measures obtained equidistantly between the medial malleolus and the tibial 
plateau and one calf segment length. Changes in limb volume relative to baseline were 
measured noninvasively using strain-gauge plethysmography at the maximal calf 
circumference. A venous collecting cuff was placed ~5cm proximal to the knee on the right 
leg and inflated to 60 mmHg for 8 minutes and then reduced at a rate of 5 mmHg/5s (over 1 
minute) to 0 mmHg. 
Endurance Training Protocol 
The 6-month aerobic training program consisted of the participants exercising 3 days 
per week, 20 to 45 minutes per session at 40 to 85% heart rate range. The peak heart rate 
achieved during the stress test was considered the maximum heart rate. Resting heart rate 
was assessed weekly and the target heart rate adjusted biweekly. The duration and intensity 
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of training were initially at the low end of these ranges due to the low initial fitness levels of 
the participants. It was increased accordingly such that, during the last three months of the 
protocol, all participants were exercising at 65-85% of their heart rate range for at least 40 
minutes each session. Participants primarily trained their legs using treadmill 
walking/running, upright and recumbent bicycles, and rowing machines. The control group 
was instructed not to increase or decrease their daily activity level. They were contacted 
every two weeks to confirm this relative inactivity. 
Within 2 weeks of the participant's initial LBNP and calf venous compliance tests 
and before training commenced, all participants underwent ACSM's Senior Fitness Test 
Battery (25) including the 6-minute walk test for cardiovascular endurance. For the present 
study, this latter test was used as the measure of changes in cardiovascular fitness. This test 
was chosen to complement the results of the graded exercise test. In older unfit individuals, 
the limiting factor in a VO%peak test is typically local leg fatigue or poor muscular endurance 
rather than central cardiovascular limitations. Performance in the 6 minute walk is another 
indicator of this local muscular endurance and more functionally practical. 
Analysis 
LBNP tolerance was quantified as the LBNP tolerance index. This index was 
calculated as the sum of the products of duration spent at each negative pressure and the 
change in pressure from the previous stage (27). The LBNP tolerance index is a linear 
function for the conditions used in the present study. Cardiac output (Q) was calculated as 
SV*HR every minute. Mean arterial pressure (MAP) was determined every minute using the 
Dinamap. Forearm vascular conductance was calculated as FBF/MAP and total peripheral 
conductance (TPC) as Q/MAP. 
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The anthropometric, estimated VC^peak and LBNP tolerance index data were 
compared using two-way repeated measures ANOVA (group x trial). Mean cardiovascular 
responses for min 2-4 of each stage of LBNP common to all participants, the last completed 
stage of each participant and each of the last 2 min of LBNP were compared using three-way 
(group x trial x LBNP level) repeated measures analysis of variance for each variable. Post 
hoc comparisons were made using the Tukey test. Statistical significance was set at 0.05 
with data reported as means + SE. 
Determination of venous compliance entailed generating pressure-volume curves 
from the pressure-volume relationship as pressure was decreased at the rate of 5 mmHg/5s 
from 60 mmHg to 10 mmHg. Pressure-volume curves were compared by means of the 
quadratic regression model [Alimb volume = Po + pi * (cuff pressure) + (32 * (cuff pressure)2] 
for each individual. Regression models were calculated using the GLM procedure in SPSS 
and included between participant classifications for age and training status. The pressure-
volume relation is not linear; therefore a single number is not sufficient to characterize the 
slope of the pressure-volume curve. Thus the group-averaged regression parameters Pi and 
p2, determined by the pressure-volume curves for each participant in the relevant groups, 
were used together as an estimate of compliance, such that compliance = Pi + 2*p% * (cuff 
pressure) or the derivative of the pressure-volume curve (20, 24). The coefficient of 
variation of this method has been reported to be 4.9% (20). 
Results 
Table 1 summarizes the anthropometric characteristics and resting cardiovascular 
variables of all participants in the study. The exercise group was older than the control group 
(p<0.05) but there were no other significant differences in the pre-intervention data. There 
were no differences between the groups in VOzpeak or 6-minute walk performance pre-
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intervention. However, the exercise group performed significantly better on the 6-minute 
walk test post-intervention while the control group did not change (14 vs <0.1% 
improvement, respectively; p<0.05). Average attendance at exercise sessions for all 
participants was 96% (range: 88-100%). Resting SV tended to be higher post intervention in 
the exercise group (p=0.07), but there were no significant differences between groups or 
trials in the resting cardiovascular variables. Following the 6 months of training, tolerance as 
expressed by LTI was not different either between groups or across trials (Table 1, Figure 4). 
Cardiovascular responses to submaximal LBNP 
Hemodynamic responses to LBNP are illustrated in figures 1 through 3. Two 
participants became presyncopal (one female and one male from the exercise group, initial 
trial) before -40 mmHg of LBNP and were excluded from the submaximal analyses. There 
were no significant main effect differences between the groups or trials. However, there 
were some LBNP by trial interactions. 
In all the trials except the control group pre-intervention trial, heart rate rose above rest 
at the last completed stage of LBNP (Figure 1) (p<0.05); in this group, heart rate rose above 
rest one minute before the end of the test (Figure 1) (p<0.05). Stroke volume fell below rest 
at -30 mmHg in the exercise group pre-intervention, at -40 mmHg in the exercise group post-
intervention trial and in the last stage for the control group pre- and post-intervention 
(p<0.05) (Figure 1). Cardiac output declined similarly (p<0.05) (Fig. 2). There were no 
differences in MAP across the submaximal LBNP levels for either group either before or 
after training. Forearm vascular conductance decreased below rest in the last completed 
stage in both groups only in the pre-intervention trial. The LBNP stage at which TPC 
decreased below rest in the exercise group was -20 mmHg pre-intervention and -30 mmHg 
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post-intervention (p<0.05; Figure 3) while TPC in the control group did not differ 
significantly from rest for either trial. 
Presyncope 
The LBNP trials were stopped due to presyncopal symptoms in all participants in all 
trials. Results are presented as one minute before the end (e-1) and the last minute of the test 
(e) (Figures 1-3). Heart rate was significantly higher than rest and stroke volume was 
significantly lower than rest in both groups before and after the intervention (p<0.05) (Figure 
1). Cardiac output was lower than rest for all groups in the last completed stage of LBNP, 
but was lower than rest at -20 mmHg for the exercise group pre-intervention and at -30 
mmHg post-intervention (p<0.05). Mean arterial pressure was significantly lower than rest at 
e-1 and e for only the pre-intervention trial in both groups (p<0.05) (Figure 2). 
Venous Compliance 
There were no differences in calf volume between groups either before or after the 
intervention (Table 1). There were no differences in either the slope of the pressure volume 
relationship or the compliance between groups pre-intervention or after three months of 
endurance training (for brevity, the 3 month data are not presented here). The slope of the 
pressure volume curves tended to be greater post-intervention in the exercise group (p=0.08; 
Figure 5, Table 2). Calf venous compliance was 20-30% greater post-intervention in the 
exercise group. No differences were found between trials in the control group (Figure 5, 
Table 2). 
Discussion 
To the best of our knowledge, the present investigation is the first longitudinal study 
designed to assess the effects of an endurance-training program on calf venous compliance 
and the responses and tolerance to the orthostatic stressor of maximal LBNP in older men 
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and women. We hypothesized that calf venous compliance would improve with training but 
this improvement would not affect tolerance to maximal LBNP. Calf venous compliance 
increased 20 to 30% post-intervention, but there were no differences in tolerance to maximal 
LBNP. Regression analysis of LTI and calf venous compliance pre and post-intervention in 
the exercise group showed no relationship (Pre-intervention R2=0.0018, Post-intervention 
R2=0.1160) between the two. Likewise, the changes in the cardiovascular responses to 
LBNP were modest and seen only at submaximal levels of LBNP. The data were consistent 
with our cross-sectional findings (22). 
Previous studies have found conflicting results concerning the effects of exercise 
training on the hemodynamic responses to LBNP and LBNP tolerance. Convertino found that 
the better the fitness status, the better the orthostatic tolerance (7). However, Raven and 
Pawelczyk showed that high fit (60 ± 0.8 ml-kg'-min') participants had lower tolerance to 
LBNP as compared to mid fit (48.9 ± 1 ml-kg '-min"1) and low fit (35.7 ± 0.9 ml-kg '-min"1) 
participants (2). More recently, Franke and colleagues compared the tolerance of highly 
trained swimmers (69.5 + 2.6 ml-kg '-min"1) and runners (70.0 + 1.6 ml-kg '-min1) and found 
that the tolerances of these participants were comparable to much less fit participants (4). All 
these studies focused solely on younger individuals. 
The effects of age on orthostatic tolerance are equally unclear. An attenuated increase 
in HR is seen among the older population as compared to younger persons in response to 
similar submaximal orthostatic stress (14, 30, 31). Recently, using a cross-sectional design, 
we found no differences in tolerance to maximal LBNP between fit and unfit older and 
younger participants (22). However, the young fit group had a more rapid decline in SV and 
greater increase in HR in response to submaximal LBNP than did the unfit and older fit 
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groups (3). Similar to the present study, we found no relationship between LTI and venous 
compliance in the cross-sectional design (22). 
Carroll and colleagues found that a 26-wk endurance training protocol did not alter 
cardiovascular responses to 70° head up tilt in older men and women (13). Similarly, 
Gabbett and colleagues found that a 12-wk cycling endurance-training program in healthy 
physically active older men elicited increases in V02peak(10%) without significant changes 
in cardiovascular responses to 90° head up tilt (14). In neither study was orthostatic tolerance 
explicitly assessed (13, 14). Nevertheless, the findings of the present investigation are 
consistent with these studies—improving fitness via endurance exercise training does not 
alter cardiovascular responses to an orthostatic stress. Further, the present investigation 
extends these findings to suggest that chronic endurance training does not alter tolerance to 
maximal LBNP in older men and women. However, the present investigation utilized a 6-
month endurance training intervention that elicited a 14% improvement in fitness. Based on 
studies of young participants, training sufficient to increase fitness beyond that seen here may 
have yielded different findings (2). Along these lines, Fortney and colleagues tested very fit 
older individuals (52.4 ±1.7 ml-kg^-min"1) and saw differences in CV responses to 
submaximal LBNP (12). 
It has been hypothesized that in young individuals the increase in blood volume 
associated with endurance exercise training may help regulate blood pressure in those 
individuals previously experiencing low orthostatic tolerance (7). Similarly, Carroll et al. 
(1995) reported increased orthostatic tolerance in previously symptomatic older participants 
following 26 weeks of combined endurance and resistance training that failed to alter 
VOzmax significantly (30). In the present study, no differences in LTI were found between 
trials in the exercise group but the standard deviation and range of individual scores was 
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lower after training (Standard deviation: Pre-Intervention = 95.85 vs. Post-Intervention = 
69.58; Range: Pre-Intervention = 368.55, Post-Intervention = 260.00 mmHg-min"1; Figure 4). 
Additionally, the improved response to submaximal LBNP seen following exercise training 
reinforces the decrease seen in LTI variability. In other words, the less tolerant participants 
generally became more tolerant after 6 months of training, while the more tolerant 
participants did not change. This deserves further investigation since it implies that 
endurance exercise training might improve orthostatic tolerance in less tolerant older 
individuals or, perhaps, those with symptomatic orthostatic hypotension. 
The present finding of 20 - 30% (p=0.08) improvements in calf venous compliance 
with 6 months of endurance exercise training in older men and women is both meaningful 
and novel. Cross-sectional investigations have shown that decrements in venous compliance 
with age may be attenuated by maintaining high fitness levels (20, 22). For example, we 
found calf venous compliance to be 50% greater in the more fit young and older groups but 
tolerance to maximal LBNP did not differ compared to their less fit peers (22). The present 
investigation extends this finding and suggests that sedentary older men and women can 
improve calf venous compliance with endurance training. More importantly, improvements 
in calf venous compliance were made without altering tolerance to maximal LBNP. While 
no differences were found after 3 months, 6 months of endurance exercise training was 
enough of a stimulus to elicit physiologically meaningful improvements in calf venous 
compliance in older individuals. Longer duration training may elicit even larger changes in 
calf venous compliance, Monahan and colleagues found 70 to 120% higher venous 
compliance in very fit older participants (VC^peak = 45 ml-kg'-min1) who had been running 
at least 2 years (20). 
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Several limitations exist with the present investigation. First, VC^peak was estimated 
initially but ACSM's 6-min walk test was used as a comparison measure of cardiovascular 
fitness pre and post-intervention. Given that performance on a GXT is typically limited due 
to local leg fatigue (e.g., poor muscular endurance); we felt the 6-minute walk test was 
functionally more appropriate. There were no differences in VO^peak or 6-min walk 
performance between groups prior to training yet training led to a 14% improvement in the 
latter. Improvements in the 6-minute walk test should equate to improvements in 
cardiovascular fitness. Compared to their age and gender peers, the exercise group went 
from the 56th percentile in the 6-min walk test norms, which is what would be expected of a 
healthy older population, to the 84th percentile post-intervention (25, 26). Thus, it appears 
that our intervention let to substantial improvements in cardiovascular endurance. Second, 
while LBNP causes central hypovolemia, it is not literally an orthostatic stressor since the 
participants remain in the supine position. The use of LBNP and the fact that our participants 
were clinically healthy need to be considered when interpreting the present findings and 
extrapolating them to other orthostatic stressors such as head-up tilt or to less-healthy clinical 
populations. Third, the use of venous occlusion plethysmography to measure compliance is a 
measure of whole limb compliance which varies with age (24). This method assumes that 
venous collecting cuff pressure is equal to venous pressure. We feel that the use of the 8-
minute collecting period accounted for possible differences in whole limb blood flow (20, 
24). 
In summary, to the best of our knowledge these data are the first to utilize a 
longitudinal design to assess orthostatic tolerance and calf venous compliance in older adults 
before and after an endurance exercise training program. The present investigation found 
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that a 6-month endurance-training program tended to improve venous compliance in older 
individuals and did so without compromising tolerance to maximal LBNP. 
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Exercise Control 
Pre- Post Pre Post 
Age (yrs) 73.6 + 4.7* 68.1 ±3.1 
Height (cm) 167.3 ±9.2 165.2 ± 11.1 
V02peak 
(ml-kg^min1) 31.4± 1.81 32.6 ± 3.20 
Mass (kg) 79.1 ±14.7 78.2 ± 13.7 68.9 ± 11.5 69.0 ± 11.9 
Bodyfat (%) 34.3 ±6.2 30.2 ±5.6 28.4 ± 10.0 28.9 ±8.9 
6 min. walk (yds) 614.2 ±79.6 699.4 ± 79.61 571.4 ± 101.3 572.3 ± 101.3 
HR (bpm) 66.6 ± 4.7 63.8 ±4.6 59.9 ±3.1 61.4 ±2.7 
SV (mi-beat1) 84.7 ± 8.4 92.8 ±7.8 88.6 ± 11.0 85.5 ±7.4 
MAP (mmHg) 92.2 ± 2.8 89.3 ±3.4 86.7 ± 4.4 85.2 ± 5.6 
FVC (units) 0.041 ±0.005 0.049 ± 0.003 0.035 ±0.015 0.045 ±0.015 
TPC (units) 0.063 ± 0.004 0.067 ± 0.005 0.065 ± 0.007 0.064 ± 0.006 
Calf Volume (ml) 3265.4 ± 254.2 3186.0 ±209.6 3196.3 ±247.1 3234.8 ±265.5 
LTI 286.2 ± 25.6 291.4 ± 18.6 312.8 ±23.7 307.1 ± 19.6 
Table 1. Participant Characteristics and Resting Cardiovascular Variables. 
Values are mean ± SEM. * P<0.05 versus Control, 1 P<0.05 vs. Pre-intervention. HR, heart 
rate; SV, stroke volume; CO, cardiac output; MAP, mean arterial pressure; FVC, forearm 
vascular conductance; TPC, total peripheral conductance. 
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Exercise 
Pre: ALV = 0.115 + 0.018 + 0.112 + 0.002(CP) - 0.00084 + 0.000(CP)2 
Post: ALV = 0.263+0.101 +0.153 ±0.012(CP) - 0.00122 ±0.000(CP)2 
Control 
Pre: ALV = 0.509 ± 0.132 + 0.113 ± 0.041 (CP) - 0.00089 ±0.000(CP)2 
Post: ALV = 0.153 + 0.022 + 0.125 ± 0.008(CP) - 0.00101 + O.OOO(CP)2 
Table 2. Pressure - Volume Regression Equations. Pre, pre-intervention; post, post-
intervention; ALV, change in limb volume; CP, cuff pressure. 
77 
Figure Legends 
Figure 1. Heart rate and stroke volume responses to lower body negative pressure. Last 
stage = last stage completed in the protocol, e-1 = 1 minute before end of test, e = last 
minute of test. * p<0.05 for Pre-Exercise vs. rest, 1 p<0.05 for Post-Exercise vs. rest, 
§ p<0.05 for Pre-Control vs. rest, $ p<0.05 for Post-Control vs. rest. El=Exercise 
group, Pre-intervention; E2 = Exercise group, Post-intervention; CI = Control group, 
Pre-intervention; C2 = Control group, Post-intervention. See text for group-by-trial 
interactions. 
Figure 2. Cardiac output and mean arterial pressure responses to lower body negative 
pressure. See Figure 1 for legend. 
Figure 3. Forearm vascular and total peripheral conductance responses to lower body 
negative pressure. See Figure 1 for legend. 
Figure 4. Lower Body Negative Pressure Tolerance Index. 
Figure 5. Pressure Volume Curves and Pressure Compliance slopes. Mean ± SEM. 
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CHAPTER 5. MODELING TOLERANCE TO LOWER BODY NEGATIVE PRESSURE. 
A paper to be submitted to Medicine and Science in Sport and Exercise. 
Juliane P. Hernandez, Galen T. Trail, and Warren D. Franke 
Abstract 
Purpose: To determine 1) the extent to which structural equation modeling (SEM) 
techniques can more conveniently and comprehensively address the correlation and variable 
interaction effects inherent in assessing orthostatic tolerance, e.g. multicollinearity, compared 
to traditional regression techniques, and 2) how well orthostatic tolerance can be modeled 
using easily measured noninvasive laboratory variables. 
Methods: One hundred and forty-five male and female college age and older (>60yo) 
participants underwent graded lower body negative pressure (LBNP) to presyncope. 
Stepwise multiple regression analysis and structural equation modeling techniques were used 
to determine predictor variables and correlations with orthostatic tolerance. Tolerance was 
quantified by the lower body negative pressure tolerance index (LTI). 
Results: A theoretical model with latent (unobserved) and manifest (observed) variables, 
tested using SEM, did not fit well. A path analytic model, using only the manifest variables 
of gender, % body fat, age, maximal change in heart rate from rest to presyncope (AHR) and 
resting total peripheral conductance (TPC), indicated good model fit and explained adequate 
variance in LTI (R2=.402). All the variables had direct influences on LTI; path analysis 
showed the effect of % body fat was influenced by both gender and age, while AHR was 
influenced by both age and TPC. AHR appeared to be most strongly associated with 
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orthostatic tolerance (|3=-.396), but was influenced by age and TPC. Stepwise multiple 
regression explained 39.1% of the variance with the equation LTI = -330.8 - 71,6(gender) -
1.3(AHR) + 53.6(Body surface area) - 57.9(TPC). 
Conclusion: Modeling using both latent and manifest variables did not work well. A path 
model using only manifest variables had good fit and explained an adequate amount of 
variance in LTI. The regression technique explained similar amounts of variance, but did not 
identify some of the relationships among the independent variables. Approximately 40% of 
the variability in orthostatic tolerance could be explained with easily measured noninvasive 
variables. 
Introduction 
Paragraph One: Several mathematical and computational simulation models have 
been used to characterize the human cardiovascular responses to submaximal orthostatic 
stress (2, 3, 8, 12, 24-26, 34, 38, 40, 42). Numerous laboratories have also made concerted 
efforts to identify factors associated with a reduced orthostatic tolerance and some have 
reported models predictive of reduced tolerance (5, 9, 13, 18,19). In general, factors 
associated with a reduced tolerance can be categorized as either "pretest" measures, such as 
low resting blood pressure (11, 39), low resting peripheral resistance (23, 41), greater height 
(19, 39), the female gender (6, 14, 29, 43), older age (18) and an increased VO2 max (16, 20, 
21,31, 35), or as "response" variables, such as an increased carotid-cardiac baroreflex slope 
(19) and greater heart rate response (9) to an orthostatic stress. 
Paragraph Two: The majority of these studies have been constrained by a relatively 
small number of subjects and in their focus on narrowly defined hypotheses. Consequently, 
our global understanding of factors that lead to reduced orthostatic tolerance, and how these 
factors may interact, remains somewhat piecemeal. Moreover, a profound difficulty in 
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predicting orthostatic tolerance is the interdependence, or interaction, of many of the 
variables that are associated with reduced orthostatic tolerance. Due to this interdependence, 
analyzing these variables as separate entities may provide an incomplete picture as to their 
collective importance. Testing relationships with conventional regression techniques is 
therefore problematic due to the lack of inclusion of indirect effects and potential 
multicollinearity. A direct effect relationship is one in which one variable directly affects 
another. An indirect effect relationship is one in which there is a mediating variable. A more 
convenient and comprehensive technique may be that of structural equation modeling (SEM). 
Using SEM allows a researcher to examine both indirect and direct effects of independent 
variables on dependent variables. The combination of both the direct effects and the indirect 
effects makes up the total effect of the independent variables on the dependent variable (33). 
Furthermore, one of the primary reasons that structural equation models are used is that they 
provide a means of accounting for measurement error that is inherent in observed variables 
(33). Those authors noted that because stepwise regression does not include potential 
measurement error, the regression estimates could potentially lead to incorrect conclusions. 
Structural equation modeling provides goodness of fit indices for the model which may be 
more meaningful than just identifying the variance explained by a variable or combination of 
variables. Thus, SEM may allow for the identification of a model which can achieve the goal 
of "predicting ... orthostatic intolerance from the least number of simple, noninvasive 
physiological measurements" (7). 
Paragraph Three: The purpose of this study was to 1) determine if SEM would be a 
more comprehensive and convenient tool than multiple regression in determining the 
relationships between numerous in- and inter- dependent variables and orthostatic tolerance 
and 2) determine the extent to which easily measured, noninvasive "pretest" and "response" 
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variables predicted orthostatic tolerance. To achieve these purposes and since SEM required 
the development of a theoretical model prior to analysis, we initially developed the 
measurement model presented in Figure 1. Variables were selected for their possible 
influence on orthostatic tolerance and their ease of measurement prior to or during an LBNP 
test to presyncope. The model included anthropometric variables [height, weight, body mass 
index (BMI), body surface area (BSA), and body fat], pretest or resting cardiovascular 
variables [resting stroke volume (SV), heart rate (HR), cardiac output (Q), pulse pressure 
(PP), systolic blood pressure (SBP), mean arterial pressure (MAP)], resting peripheral 
vascular conductance variables [forearm vascular conductance (FVC), total peripheral 
conductance (TPC)], and cardiovascular response variables [change in HR from rest to 
presyncope (AHR), change in SV from rest to presyncope (ASV), change in Q from rest to 
presyncope (AQ), change in SBP (ASBP), and change in HR from rest to -40 mmHg LBNP 
(AHRe)], and change in peripheral vascular conductance variables [change in FVC from rest 
to -40 mmHg (AFVCe), change in FVC from rest to presyncope (AFVC), and change in TPC 
from rest to presyncope (ATPC)]. These variables were grouped together by latent constructs. 
Fitness (VO%peak), gender and age were subsequently included in the theoretical model for 
analysis via SEM (Figure 2). 
Methods 
Participants: 
Paragraph Four: All participant data were compiled from studies performed in this 
laboratory over the last several years. One hundred and twenty healthy college age (<35 y) 
and 25 older (>60 y) adult male and female individuals recruited from the general community 
and campus of Iowa State University participated in this investigation. See Table 1 for 
participant characteristics. To control for the effect of the menstrual cycle on autonomic 
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function (27), women were tested during the follicular phase (days 3-10 following the onset 
of menses) or were postmenopausal. Prior to data collection, all participants were verbally 
informed of the risks and benefits of this study and provided written informed consent. All 
participants were oriented to the LBNP chamber at least 24 hours prior to their LBNP test. 
All participants were asked to refrain from any exercise, alcohol, or caffeine ingestion for 12 
hours and food intake for 3 hours prior to their LBNP test. The Institutional Review Board 
of Iowa State University approved all investigations that provided data for this study. 
Oxygen Uptake: 
Paragraph Five: Three methods were used to assess VOapeak in this large data set. 
Twenty-three of the participants initially underwent maximal oxygen uptake determination 
using the Astrand graded treadmill protocol. In this instance, oxygen consumption was 
measured using open circuit spirometry with the analyzers calibrated with known gases. The 
remainder of the participants was evaluated for VOapeak using either an age and activity 
appropriate questionnaire (10) or V02peak estimation by time to termination of a graded 
treadmill test (Bruce and Modified Bruce Protocols). 
Lower Body Negative Pressure Testing: 
Paragraph Six: Each participant reported to the laboratory no earlier than 48 hours 
following the VOapeak test. Following instrumentation, they assumed a supine posture 
inside the LBNP chamber. Once inside, they straddled a padded bicycle seat with their feet 
well clear of the base of the chamber and were sealed at the level of the iliac crest. 
Following at least 10 minutes rest at ambient barometric pressure, negative pressure was 
induced using a commercially available vacuum and quantified with a pressure transducer 
(PS309, Validyne, Northridge, CA). Graded LBNP was invoked with 10 mmHg increases in 
negative pressure every 4 or 6 minutes. The LBNP test was terminated when the participant 
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either completed 4 or 6 minutes at -100 mmHg, at the onset of presyncopal symptoms, or by 
participant request. Signs of impending presyncope included dizziness, nausea, profuse 
sweating, tunnel vision, or a rapid change in blood pressure defined as either a decrease in 
SBP by 25 mmHg or a decrease in DBP by 15 mmHg within 1 minute. All participants 
became presyncopal at test termination. 
Assessment of Cardiovascular Responses: 
Paragraph Seven: Forearm blood flow (FBF) was measured using mercury-in-silastic 
strain gauge plethysmography (D.E. Hokanson, Bellevue, WA; 34) with the strain gauge 
placed around the proximal portion of the left forearm about one-third the distance from the 
olecranon to the ulnar styloid. A wrist cuff was used to occlude circulation to the hand 
during FBF measurements; FBF was assessed every 20 s. Blood pressure was measured 
continuously using either the volume clamp method (Finapres 2300, Ohmeda, Louisville, 
CO; 17) of the right middle finger with the hand at heart level or with an automated 
oscillometric sphygmomanometer (Dinamap; J&J Medical, Tampa, FL). Heart rate was 
assessed continuously using 5-lead electrocardiography. Stroke volume was determined 
every minute using impedance cardiography (Minnesota Impedance Cardiograph Model 
304B, Surcom, Minneapolis, MN) and ensemble R-wave averaging on 55 s of data acquired 
in each 60 s period. The analog heart rate, forearm blood flow, and blood pressure signals 
were input into an on-line computer system using commercially available software 
(BIOPAC, Santa Barbara, CA). The heart rate and impedance cardiograph signals were also 
analyzed using commercially available software (Microtronics Corp, Chapel Hill, NC) to 
determine stroke volume and calculate cardiac output. 
Statistical Analyses: 
89 
Paragraph Eight: Lower body negative pressure tolerance was calculated as the 
LBNP tolerance index (LTI; 17). The LTI was calculated as the sums of the duration spent at 
each pressure multiplied by the change in pressure from the previous stage (17). The 
Cumulative Stress Index (20) is more commonly seen in the literature but, because it is a 
curvilinear function, can misrepresent the magnitude of differences in tolerance. While less 
common, the LTI is a linear function for the conditions used in the present investigation and 
better represents differences in tolerance. 
Paragraph Nine: Cardiac output was calculated every minute as the product of stroke 
volume and the concurrent heart rate. Mean arterial pressure was determined from either 
Finapres tracings or from the Dinamap. Forearm vascular conductance was calculated as 
FBF/MAP and total peripheral conductance as Q/MAP. Change variables were calculated as 
the difference from rest to tolerance. 
Structural Equation Modeling: 
Paragraph Ten: Traditional stepwise multiple regression analysis was initially 
conducted allowing LTI to be regressed by all the independent variables including gender, 
age and VOapeak. Structural equation modeling was performed using two methods. The 
first method used both latent (unobserved) variables and manifest (observed) variables to test 
the theoretical model in Figure 2. Latent variables were used as representations of groups of 
manifest variables. The second method, commonly called path analysis, used only manifest 
variables. The RAMONA SEM technique available in the SYSTAT 7.0 (1997) statistical 
package was used for both methods. 
Paragraph Eleven: First a confirmatory factor analysis (CFA) was done on all the 
independent variables (Figure 1), again excluding age, gender and VOzpeak, to test a three-
factor measurement model. The first factor consisted of anthropometric variables (height, 
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weight, bodyfat, BMI, BSA). The second factor consisted of "pretest" variables, or variables 
measured at rest (HR, TPC, SV, PP, SBP, FVC, MAP, Q). The third factor included 
"response" variables, or measures taken during LBNP (AFVC, AFVCe, AQ, AHR, ATPC, 
ASBP, ASV, AHRe, APP). Then, the structural model depicted in Figure 2 was tested. This 
model included all the manifest variables, latent variables, and all the path coefficients 
between latent variables. Finally, path analysis was used to test a model that included only 
specific manifest variables chosen based on the correlations with LTI and among themselves. 
Paragraph Twelve: RAMONA implements the McArdle and McDonald (1984) 
Reticular Action Model (RAM) for path analysis with manifest variables (SYSTAT 7.0, 
1997; 22). The measures of fit used in the current study were Steiger's (36, 37) root-mean-
square-error of approximation (RMSEA, a measure of discrepancy per degrees of freedom), a 
confidence interval (CI) for the RMSEA, the test of close fit (pciOSe), the chi-square per degree 
of freedom value, and the percent of residuals greater than .1 (4). Goodness-of-fit indices 
(GFI), such as a comparative fit index and chi-square statistics, often reflect the size of a 
sample or the number of parameters rather than the adequacy of the model (4). The RMSEA 
is thought to alleviate problems associated with model fit that are not addressed by GFI or 
chi-square statistics (4, 30), thus those indices are not included in the SYSTAT (RAMONA) 
statistical package. 
Paragraph Thirteen: The RMSEA is bounded by zero on the lower end and will only 
be zero if the model fits exactly. Values less than .05 indicate that a model has close fit, 
values of .08 or less indicate reasonable fit, and RMSEA values higher than .10 should not be 
considered (4). More recently however, Hu and Bentler have suggested that RMSEA values 
less than .06 indicate a close fitting model (15). Since the RMSEA is a point estimate, it is 
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also suggested that a 90% confidence interval be calculated and reported to show the level of 
confidence that the model would fit well within the population (4). 
Results 
Multiple Regression: 
Paragraph Fourteen: The stepwise regression analysis of all the independent 
variables on LTI yielded the model LTI = -330.8 - 71.6(gender) - 1.3(AHR) + 53.6(BSA) -
57.9(TPC). The model explained 39.1% of the total variance in LTI (gender, r2 = .168; AHR, 
r2 = .158; BSA, r2 = .034; and TPC, r2 = .030) (Table 2). 
Structural Equation Modeling Results: 
Paragraph Fifteen: The confirmatory factor analysis indicated that the measurement 
model (Figure 1) did not fit well (RMSEA, £ = .235; CI = .225 - .246; pciose < .001, %2 = 
1704.68, df= 263, %2/df = 6.48; 39% residuals > .1) and had two boundary parameter 
violations. Thus, it was not particularly surprising that the proposed structural model (Figure 
2) was not consistent with the observed data either (RMSEA, e = .221; CI = .213 - .229; pciose 
< .001, %2 = 2359.50, df= 294, %2/df = 8.02; 42% residuals > .1). The test of close fit of the 
model was significant, indicating that the model did not have close fit in this data set and the 
number of residuals greater than .1 was more than 10% indicating that the fit could be 
improved (1). The chi-square divided by the degrees of freedom value was also poor. A 
correlation matrix was then conducted on all the variables to determine which variables 
correlated with each other and with LTI (Table 3). 
Paragraph Sixteen: One of the reasons this theoretical model did not fit well was that 
the latent constructs did not represent the manifest variables well, as was evident in the 
confirmatory factor analysis and correlation matrix (Table 3). Furthermore, variables that 
were products of other variables in the model, e.g., Q as a product of HR and SV, also 
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created problems within the SEM procedure. Finally, there were several path coefficients 
that were not significant, and explained no variance in LTI. Following multiple attempts at 
trimming the model based on these findings, this model was rejected. 
Paragraph Seventeen: The path analysis model was proposed using the correlation 
matrix (Table 3) and knowledge gained from the initial theoretical model. The path model 
did not include any latent variables, reduced the number of variables included in the model 
substantially, but still included both direct and indirect effects, and error terms on the 
endogenous variables. 
Paragraph Eighteen: The path analysis model (Figure 3) explained 40.2% of the 
variance in LTI with the variables of gender, age, bodyfat, TPC and AHR. It also fit well 
(RMSEA, e = .033; CI = .000 - .117; pci0Se = .537, %2 = 6.98, df= 6, %2/df= 1.16; 6.7% 
residuals > .1). Age and gender explained 67.5% of the variance in % body fat. Age and 
TPC explained 13.7% of the variance in AHR. Age had a direct effect on LTI (P = -.215), but 
also an indirect effect through AHR and through bodyfat. Gender had a direct effect on LTI 
(P = -.189) and an indirect effect through body fat. Finally, TPC also had a direct effect on 
LTI (p = -.169) and an indirect effect through AHR. 
Discussion 
Paragraph Nineteen: The first purpose of the present investigation was to determine 
if SEM would be a more comprehensive and convenient tool than multiple regression in 
determining the relationships between numerous independent variables and LTI. The second 
purpose was to determine the extent to which "pretest" and "response" variables predicted 
orthostatic tolerance. Our data did not fit the original theoretical model (Figure 2). This was 
probably due to too many of the manifest variables being calculations of other variables and 
the manifest variables not representing the theoretical constructs as well as anticipated. 
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Thus, we removed variables that were products of variables already in the model, reduced the 
number of manifest variables by examining the correlation matrix and the lack of fit in the 
original theoretical model, and, after multiple attempts at trimming the theoretical model, 
proposed a model that did not have any latent variables. Without latent variables we used a 
path analysis technique, but still included error terms with the endogenous manifest 
variables. The new model (Figure 3) provided a very good fit with five independent 
variables predicting LTI through both direct and indirect paths. While the "response" 
variable of AHR necessitates exposing participants to orthostatic stress, it is noteworthy that 
the other four variables can be assessed without having to do so. Regardless, all five 
variables explain a substantial portion of the variability in LTI and are simple, noninvasive 
measurements. 
Paragraph Twenty. Our final path analysis model explained only 1.1% more of the 
variance in LTI than the stepwise multiple regression analysis. Although only a negligible 
increase in variance was explained using path analysis, the latter technique allowed for a 
clearer interpretation of the relationships among the independent variables than the 
traditional regression analysis. What the path analysis model indicated, that the regression 
model could not, was the mediating relationship between several of our significant variables, 
i.e., the influence of gender and age on bodyfat and the influence of age and TPC on AHR. 
In other words, the strength of SEM was that it identified interdependent contributions to LTI 
that multiple regression could not. Thus, if the objective of a related research project is to 
determine the variance explained by variables without regard to the overall goodness of fit of 
the model, then multiple regression is an acceptable statistical procedure to use. However, 
since factors contributing to orthostatic intolerance are intertwined or redundant, and the 
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relationships among these variables and how well they actually represent the dependant 
variable are frequently of interest, path analysis is likely the more valuable tool. 
Anthropometric vs. Physiological Variables 
Paragraph Twenty-one: The path model indicated that bodyfat directly influenced 
LTI and also mediated effects of age and gender on LTI. Height and related variables such 
as BMI or BSA did not enter into the path model. Body surface area was a component of the 
multiple regression equation but only explained 3% of the variance. Collectively, these 
results suggest that body size per se is not an important contributor to orthostatic tolerance. 
It could be argued that height did not enter into our models because we did not use a gravity 
dependent protocol, such as head-up tilt or passive standing. However, using LBNP, Ludwig 
and Convertino found height to be a significant predictor of tolerance (19). To compensate 
for testing only 14 subjects, they used a bootstrapping technique to evaluate the accuracy and 
consistency of the correlations and multiple regression weights. Despite the bootstrapping, 
their much smaller sample may account for their findings differing from those of the present 
study (19). Alternatively, height might have entered into the regression equation in the 
present study if BSA had not been included, i.e., BSA subsumed the variance explained by 
height. 
Paragraph Twenty-two: As suggested by others (5, 9), none of the models showed a 
significant relationship between VC^peak and LTI. Others have shown that chronic exercise 
training can negatively affect orthostatic tolerance if the consequent VOamax is relatively 
high (>65 ml/kg/min; 32). Our data here do not necessarily refute this finding, since < 15% 
of our participants possessed a V02peak that high and we estimated, rather than measured, 
VOipeak in the majority of our participants. Regardless, it is noteworthy that the LTI of 
these 20 participants was similar to the other, less fit participants. 
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Paragraph Twenty-three: Gender explained the most variance in tolerance in the 
multiple regression equation. However, it still only explained 17% of the variance even 
when allowed to subsume the common variance of the other independent variables. In the 
path analysis model, the amount of unique variance contributed to LTI by gender was low as 
indicated by the small path coefficient (|3= -.189). Nevertheless, the model indicated the 
importance of the influence of gender on LTI mediated by bodyfat. The physiological 
variables of change in heart rate (AHR) from rest to tolerance and resting TPC were 
significant predictors of tolerance utilizing either the stepwise multiple regression or the path 
analysis. These findings are consistent with our earlier work (9). Along with gender, these 
variables explained 40% of the variance surrounding tolerance. The mechanism of the 
influence of gender on orthostatic tolerance has yet to be elucidated. Franke and colleagues 
found that cardiovascular and baroreflex responses to graded LBNP were similar in men and 
women despite marked differences in LBNP tolerance. Further, they found that differences 
in body size did not explain the gender difference, although differences in the adrenergic 
responses at maximal LBNP may play a role (9). Recently, Monahan and Ray found that 
gender affects calf venous compliance at rest and during LBNP. Limb venous compliance 
was not one of the variables considered in the model, but their findings suggest it should be 
in future models (28). 
Paragraph Twenty-four: Several limitations to our findings need to be considered. 
First and foremost, there are certainly other variables which we did not measure that 
contribute to orthostatic tolerance. For instance, we did not measure blood volume (18, 19) 
or limb venous compliance (5, 39) and both have been identified in previous literature as 
predictive of tolerance. Moreover, there is some evidence that impaired carotid-cardiac 
baroreflex function (AHR) and hypovolemia secondary to microgravity are separate, 
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redundant predictors of orthostatic intolerance (19). In addition, we did not include 
adrenergic data for all the participants; alterations in either catecholamine release or receptor 
sensitivity may be associated with orthostatic tolerance. Nevertheless, our modeling 
indicates that a significant proportion of the variability in orthostatic tolerance can be 
explained by variables that can be easily measured in most laboratories. A second limitation 
is that 83% of our participants were college-age, the other 17% were over the age of 65, and 
no one was between those ages. Thus, our findings should be generalized to middle-age 
participants with caution. Despite this bimodal distribution, age was still a significant 
variable in the path analysis. Thus, age may be playing a more significant role than indicated 
in the present study and a better distribution of ages may have revealed this role. 
Paragraph Twenty-five: In conclusion, this investigation suggests that modeling 
techniques such as path analysis, that allow for investigation of both direct effects and 
indirect effects, produce a greater depth of information and understanding of the relationships 
among the independent variables than typical multiple regression. In this regard, SEM can 
accommodate the multicollinearity that is apparent with many of the variables associated 
with the cardiovascular system. In addition, several easily measured variables, specifically 
age, % body fat, gender, total peripheral conductance, and AHR, explain a significant portion 
of the variability in orthostatic tolerance as assessed by LTI. Most anthropometric 
characteristics, including height, do not play a significant role in predicting orthostatic 
tolerance. We recommend that future research include other variables such as blood volume 
and limb venous compliance and use structural equation modeling to evaluate proposed 
models. 
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Participants 145 
Black 9 
White 136 
Female 56 
Male 89 
Age (years) 31 ±1.6 (18-81) 
Height (cm) 174.2 + 0.8 (153.6-194.6) 
Weight (kg) 76.8+1.3 (42.2-126.2) 
Body Fat (%) 18.8 ±0.8 (4.3-46.0) 
BMI (kg-m 2) 25.3 ±0.4 (17.8-42.3) 
BSA (m2) 1.8 ± 0.2 (1.3-2.5) 
VO2 peak (ml-kg ^min1) 48.6 ± 1.1 (16.5-82.5) 
Heart Rate (bpm) 62.8 ±0.8 (44.1-90.0) 
Stroke Volume (ml beat1) 120.6 ±2.8 (11.3-212.6) 
Systolic Blood Pressure (mmHg) 120.6 ± 1.2 (93.0-170.3) 
Forearm Vascular Conductance (units) 0.03816 ±0.002 (0.01-0.12) 
Total Peripheral Conductance (units) 0.09095 ± 0.002 (0.01-0.30) 
LTI (mmHg min) 326 ± 6.5 (31.5-600) 
Table 1. Participant characteristics. All data reported as means ± SEM (Range). 
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Change Statistics 
Adjusted Std. Error of R Square Sig.F 
Model R R Square R Square the Estimate Change F Change dfl df2 Change 
1 .410" .168 .163 72.1590 .168 28.973 1 143 .000 
2 .571" .326 .317 65.1744 .158 33.293 1 142 .000 
3 .600" .360 .347 63.7301 .034 7.509 1 141 .007 
4 .625^ .391 .373 62.4253 .030 6.956 1 140 .009 
Table 2. Stepwise Multiple Regression Model Summary. 
a. Predictors: (Constant): Gender 
b. Predictors: (Constant): Gender, AHR 
c. Predictors: (Constant): Gender, AHR, BSA 
d. Predictors: (Constant): Gender, AHR, BSA, TPC 
Gender 
LTI 
Age 
Height 
Weight 
Bodyfat 
VOamax 
BMI 
BSA 
SV 
ASV 
HR 
AHR 
AHRe 
MAP 
TPC 
ATPC 
SBP 
ASBP 
Q 
AQ 
FVC 
AFVC 
Gender 
1.000 
-0.410 
-0.126 
0.690 
0.437 
-0.669 
0.507 
0.052 
0.243 
0.205 
-0.058 
-0.254 
-0.003 
-0.085 
0.124 
0.071 
-0.075 
0.346 
0.030 
0.107 
0.004 
-0.055 
0.092 
LTI 
1.000 
0.154 
-0.314 
-0.112 
0.409 
-0.370 
0.062 
0.069 
-0.138 
0.232 
0.213 
-0.396 
0.168 
0.018 
-0.285 
0.114 
-0.184 
-0.168 
-0.111 
0.000 
-0.156 
0.040 
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Age 
1.000 
-0.227 
0.070 
0.583 
-0.557 
0.226 
0.138 
-0.364 
0.329 
0.274 
-0.328 
0.306 
0.449 
-0.049 
0.054 
0.404 
-0.630 
-0.208 
-0.366 
0.086 
-0.122 
Height 
1.000 
0.478 
-0.562 
0.492 
-0.068 
0.333 
0.378 
-0.218 
-0.133 
0.120 
-0.133 
0.004 
0.006 
-0.061 
0.151 
0.114 
0.266 
0.039 
0.347 
0.067 
Weight 
1.000 
0.016 
-0.142 
0.835 
0.752 
0.125 
0.013 
-0/003 
0.020 
-0.072 
0.223 
-0.045 
-0.061 
0.281 
-0.020 
0.117 
-0.001 
0.042 
0.119 
AFVCe 
PP 
APP 
Bodyfat 
VOamax 
BMI 
BSA 
SV 
ASV 
HR 
AHR 
AHRe 
MAP 
TPC 
ATPC 
SBP 
ASBP 
Q 
AQ 
FVC 
AFVCe 
AFVC 
PP 
0.180 
0.223 
-0.022 
Bodyfat 
1.000 
-0.832 
0.391 
0.211 
-0.352 
0.235 
0.417 
-0.097 
0.261 
0.210 
-0.090 
0.085 
0.006 
-0.327 
-0.167 
-0.072 
-0.055 
-0.275 
-0.078 
-0.070 
-0.105 
-0.149 
-0.004 
V02max 
1.000 
-0.468 
-0.452 
0.423 
-0.340 
-0.494 
0.144 
-0.154 
-0.274 
0.022 
0.010 
-0.054 
0.133 
0.141 
-0.138 
-0.156 
0.121 
-0.064 
0.105 
105 
-0.238 
0.322 
0.080 
BMI 
1.000 
0.639 
-0.094 
0.131 
0.193 
-0.029 
0.012 
0.265 
-0.057 
-0.027 
0.239 
-0.105 
-0.040 
-0.040 
0.086 
0.032 
0.074 
0.151 
0.095 
0.097 
0.038 
BSA 
1.000 
-0.011 
0.159 
0.119 
0.024 
0.027 
0.151 
-0.008 
-0.081 
0.099 
0.177 
0.067 
0.357 
0.347 
0.138 
0.299 
-0.090 
0.097 
0.165 
0.017 
SV 
1.000 
-0.583 
-0.460 
0.135 
-0.207 
-0.326 
0.110 
-0.040 
0.065 
0.194 
0.083 
0.083 
0.042 
0.121 
0.027 
-0.069 
APP -0.045 -0.016 0.009 0.067 -0.148 
ASV HR AHR AHRe MAP 
ASV 1.000 
HR 0.288 1.000 
AHR -0.463 -0.189 1.000 
AHRe 0.116 0.121 -0.208 1.000 
MAP 0.115 0.217 -0.197 0.175 1.000 
TPC -0.064 -0.042 0.201 -0.163 -0.354 
ATPC 0.059 -0.045 0.016 0.106 0.033 
SEP 0.010 0.013 -0.119 0.032 0.768 
ASBP -0.132 -0.061 0.243 -0.428 -0.318 
Q -0.364 -0.039 0.046 -0.171 -0.192 
AQ -0.007 0.134 0.122 -0.364 -0.119 
FVC 0.065 0.121 0.018 -0.225 -0.222 
AFVCe 0.005 -0.146 0.037 -0.375 -0.159 
AFVC 0.029 -0.039 0.045 -0.141 -0.162 
PP 0.148 -0.065 -0.244 0.183 0.250 
APP 0.325 0.006 -0.220 0.136 -0.091 
TPC ATPC SEP ASBP Q 
TPC 1.000 
ATPC -0.221 1.000 
SEP 0.012 -0.026 1.000 
ASBP 0.145 -0.090 -0.287 1.000 
Q 0.097 -0.084 -0.030 0.163 1.000 
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AQ 0.013 -0.109 
FVC 0.201 -0.042 
AFVCe 0.199 -0.054 
AFVC 0.132 -0.025 
PP 0.042 -0.047 
APP 0.041 -0.034 
AQ FVC 
AQ 1.000 
FVC 0.414 1.000 
AFVCe 0.359 0.571 
AFVC 0.398 0.639 
PP -0.545 -0.130 
APP -0.216 0.142 
-0.203 0.617 0.040 
-0.172 0.406 0.148 
-0.007 0.356 0.065 
-0.101 0.261 0.007 
0.481 -0.400 -0.103 
-0.078 0.101 -0.128 
AFVCe AFVC PP 
1.000 
0.770 1.000 
-0.044 -0.102 1.000 
0.005 0.059 0.560 
Table 3. Pearson correlation matrix. Number of observations = 145. 
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HR 
PP 
SEP 
FVC 
Pretest 
MAP 
Height 
TPC 
Weight 
SV 
Anthro-
nometric 
Bodyfat 
BMI 
AHR 
BSA 
APP 
ASBP 
AFVC 
Response AFVCE 
ATPC 
ASV 
AQ 
AHRE 
Figure 1. Measurement Model 
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Anthro­
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Response 
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AFVCE 
MAP 
ASV 
AHR Bodyfat 
TPC 
AFVC 
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HR 
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Age 
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AQ 
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LTI 
PP 
BSA 
Gender 
V02peak 
Figure 2. Proposed Theoretical Model 
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-.630* .527* 
-.320* 
-.215* 
.338* 
^.396 
.185* 
-.169* TPC 
AGE GENDER 
AHR 
BODYFAT 
LTI 
Figure 3. Path Analysis Model. 40.2% of the variance of LTI explained by the model. 
RMSEA = 0.033; * p< 0.05. 
I l l  
CHAPTER 6. GENERAL CONCLUSIONS 
From 1992 through 1995, 147 million injury-related visits were made to emergency 
departments in the United States. Falls were the leading cause of external injury, accounting 
for 24 percent of these visits (1). Emergency department visits related to falls are more 
common in children less than five years of age and adults 65 years of age and older. 
Compared with children, older individuals who fall are 10 times more likely to be 
hospitalized and eight times more likely to die as the result of a fall (2). Older persons who 
survive a fall experience significant morbidity. Hospital stays are almost twice as long in 
older individuals who are hospitalized after a fall than in older individuals who are admitted 
for another reason (3). Compared with older persons who do not fall, those who fall 
experience greater functional decline in activities of daily living (ADLs) and in physical and 
social activities, and they are at greater risk for subsequent institutionalization (4). 
The purpose of this project was to examine the effects of age and exercise training on 
limb venous compliance and orthostatic tolerance using the orthostatic stressor of lower body 
negative pressure (LBNP). Previous research had shown that the cardiovascular responses 
and the orthostatic tolerance of older people is lower than that of the young and may put 
older adults at an increased risk of falls. Further, previous research has shown that the 
venous compliance and responses and tolerance to maximal orthostatic stress differ in fit 
individuals compared to unfit. However, it had remained uncertain how age and exercise 
training interact to affect the responses and tolerance to orthostatic stress. Similarly, 
differences in venous compliance with age and training were assumed to have a direct effect 
on tolerance to orthostatic stress. A reduction in orthostatic tolerance with age and improved 
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fitness may affect the ability to control blood pressure and put individuals at a greater risk of 
falling. 
The findings of chapter 2 suggest that neither aging nor fitness level per se affect 
tolerance to the orthostatic stress of LBNP. While differences were observed with age and 
fitness in the responses to submaximal orthostatic stress, these differences did not translate to 
differences in tolerance. Venous compliance was reduced with age and increased with 
improved fitness as shown in chapter 3. Neither age nor fitness was associated with 
differences in tolerance to maximal LBNP in men and women. Thus, age-associated 
reductions in venous compliance can be offset by endurance training without compromising 
tolerance to a simulated maximal orthostatic stress. 
To the best of our knowledge, chapter 4 was the first to utilize a longitudinal design 
to assess orthostatic tolerance and calf venous compliance in older adults before and after an 
endurance exercise training program. This investigation showed that a 6-month endurance-
training program tended to improve venous compliance in older individuals and did so 
without compromising orthostatic tolerance. 
Finally, chapter 5 indicated that modeling techniques such as path analysis, that allow 
for investigation of both direct effects and indirect effects, produce a greater depth of 
information and understanding of the relationships among the independent variables than 
typical multiple regression. In this regard, SEM can accommodate the multicollinearity that 
is apparent with many of the variables associated with the cardiovascular system. Several 
easily measured noninvasive variables, specifically age, % body fat, gender, total peripheral 
conductance, and AHR, explained a significant portion of the variability in orthostatic 
tolerance as assessed by LTI. Moreover, most anthropometric characteristics, including 
height, do not play a significant role in predicting orthostatic tolerance. 
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In summary, these data indicate that healthy older adults are not more prone to 
orthostatic intolerance than young people and that they can exercise aerobically enough to 
improve cardiovascular fitness and venous compliance without hindering tolerance to a 
simulated maximal orthostatic stress, thereby putting themselves at a greater risk of falling. 
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